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SECTION 1- SUMMARY

Early in 1985, the lanthanide sesquioxides (LnyO3) were identified as
potential high temperature transformation tougheners alternative to zirconia
(ZrO3). Their 8-10% volume increase accompanying the monoclinic (B) to
cubic (C) transformation suggested that they should be more powerful than
ZrOs. In addition, the Ms temperature was raised up to 2200°C indicating
that, based on thermodynamics alone, transformation toughening up to this
temperature should be possible. Hence a proposal was written to the AFOSR
with the aim of transformation toughening silicon carbide (SiC) with
dispersions of monoclinic dysprosia particles giving a microstructure

analogous to zirconia-toughened-alumina (ZTA). - wo s e e

, ‘. P . o
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The processing of SiC-Dy203 composites proved to be a difficult task,
essentially because of the existence of a thin silica (SiOp) film around the SiC
particles. This caused the formation of a Dy03 + Si-containing liquid which
surrounded all the SiC grains as an extensive interphase. As described more fully
in Section 5, the processing work was slow and a range of densification
techniques were used, including

(i) hot pressing at 2000°C in a graphite die.

(ii)  hot pressing followed by ejection from the hot zone to achieve faster
cooling kinetics.

(iii)  sintering in an inert atmosphere at 2100°C followed by furnace
quenching.

. (iv)  hipping at 2000°C in Ta encapsulation.

Oxygen getting additives of boron and carbon have been uscd with some
reduction of silica containing phase and improved retention of high
temperature B phase.

Prolonged annealing in air at 1500°C for 50 hr resulted in extensive
formation of unidentified phases particularly in specimens which were hot
pressed in the graphite die. However, in the Ta encapsulated hipped
specimens, the microstructure was stable and unchanged after annealing in
air. The ~5 wt% Si present in the Dy203 wetting phase after hipping was still
unchanged after annealing, and no new phases were detected by XRD. Prior
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washing of S5iC powders with HF did have a tendency to reduce the Si content
in the Dy,O3 phase. In completing this work it is proposed to investigate
ways to remove the SiO; film and to determine its effect in retarding the B to
C transformation, if any.

Thus, the work to date gives a glimmer of hope that Dy,O3 may still be
a transformation toughener of SiC matrices up to elevated temperatures
(~1850°C). Important factors in processing have been identified viz., very fast
quench rate and total removal of SiO; is required.

Meanwhile, theoretical crystallography and experimental kinetic
studies were made of pure dysprosia whose Mg temperature on cooling is 1850
°C and on heating is 1950 °C. An M.S. thesis by Mr. O. Sudre aided by Dr.

K. Venkatachari describes the theoretical mechanism of the crystallography of
the A (hexagonal) to B(monoclinic) to C (cubic) transformation. The structure
changes are complex since the X-ray unit cells contain large numbers of
formula units per cell, i.e. hexagonal (Z = 3) to monoclinic (Z =6) to cubic

(Z = 16). The structural correspondences proposed are presented in Figs. 1a, b.
A crystallographic model for the B «» C shear mechanism has been
postulated. From lattice parameter measurements extrapolated to the
transformation temperature (1950°C), calculations indicate that the volume

change on cooling:

Vmono
(i) at room temperature is (+) 8.54%
(ii) at 1950°C is (+) 5.07%.
This corresponds to a volume change of 2.5 to 3 times larger than in ZrOy,
with a strain energy 4 times larger than for ZrO; at room temperature. In
ZrQOj, the volume increase on transformation is 3% at 950° and 4.9% at room
temperature. This may be a reason for the observation that the
transformation could not be nucleated at room temperature. At elevated
temperatures the strain energy is 0.294 which is still comparatively large.
Experimental studies of dysprosia have shown that, unlike in ZrO3,
cooling kinetics play a crucial role in retention of the high temperature
B phase of Dy>03 down to room temperature. Quench rates of 106°C/sec have
been achieved by melting sintered bars of Dy203 with a COz laser and roller
quenching between two titanium rollers. In the TEM the microstructure was
seen to be fine-grained and highly defected. Annealing at 400°-500°C
removed many defects. Further annealing at 600°C and above caused sudden




transformation to C phase, accompanied by shattering or self disintegration of
flakes. This effect was recorded by hot stage high voltage transmission
electron microscopy (HVEM at the Argonne National Lab. Tandem Facility).
Annealing of the B phase flakes was carried out for different times at different
temperatures and the amount of C phase formed was determined by
quantitative x-ray diffraction. The results were analyzed using the Avrami
equation:

f(t) = e-kt!

where f(t) = fraction of monoclinic phase left untransformed.
= time
n = kinetic law constant (order of the transformation)
k = kinetic constant
The constant k can be related to the activation energy E, by

k = ko e-Ea/RT

As seen in Fig. 2a, b, the E; was measured as 396 KJ/mole below 600°C and it
decreased to 31 KJ/mole at higher temperatures. This suggests that a
reconstructive mechanism operates below 600°C and a displacive mechanism
above it.

On another level, during the course of this work, several new
transformation tougheners alternative to zirconia were identified and a
review paper by Kriven was published(1).

As seen in Fig. 3, there are some close analogies between the
polymorphic transformations in zirconia the lanthanide sesquioxides and in
Ca5iO4. In both cases the monoclinic phase appears as an intermediate phase
between two higher symmetry phases, and transformation from the monoclinic
on cooling involves large, positive volume changes. The volume change in
CaySi0Oy4, (abbreviated as C35) is 12%, even larger than in Dy,O3. Although it does
not offer the possibility of high temperature transformation, dicalcium silicate
expands the number of matrices such as other silicates and glasses which may
benefit from transformation toughening. The polymorphic transformations in
dicalcium silicate are illustrated in Fig. 4
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(hatched) and cubic (Z=16) x-ray unit cells of the lanthanide
sesquioxides.
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Fig. 3. Comparison of polymorphic transformations in ZrO, Dy,03 and
CasSi0y
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During the past tfour years, collaboration in the form of a shared Ph.D.
student has taken place between Professor W. Kriven and J. F. Young who is
an established authority in cement chemistry. This fruitful interdisciplinary
interaction has yielded insight and background knowledge into the behavior
of dicalcium silicate from the perspective of work done in cement chemistry
which is relevant to potential transformation toughening applications. The
findings were distilled into a publication by Kriven, Chan and Barinek.(?) In
particular, it was recognized that a particle size effect operates in $-C5S as it
does in ZrO;. This is the key parameter controlling crack-tip stress-induced
iransformations. Particles of C2S can be metastably retained in the 8 phase by
dispersion into a constraining matrix. Two theses on this topic by C. J. Chan
(Ph.D.) and E. A. Barinek (M.5.) have recently been submitted.

Composites of 0 to 30 vol% B-Co2S in calcium zirconate (CZ) matrices
were fabricated by sintering and hot pressing techniques.(?) The
microstructure consisted of irregularly shaped, twinned B-C3S particles
intergranularly dispersed in a CZ matrix. The material was analngous to
zirconia toughened alumina (ZTA).

Processing techniques have been developed so that several parameters were
optimized simultaneously. These included:

{i) density

(ii)  complete reaction between components

(ili)  optimum vol% C2S addition

(iv)  cooling rate

(v)  critical particle size for stress-induced transformation

When the 3-C3S particle size was too large, spontaneous transformation

would occur on cooling, causing cracking and disintegration of the pellet.
When the particle size was too small, even the roughest surface grinding
could not induce the B & y transformation.

Definition of the critical particle size is discussed in the paper by
Kriven, Chan and Barinek(2). While in ZrOj the "critical particle size" refers
to a single crystal tetragonal partici> which transforms to a twinned
monaoclinic particle, the situation is reversed in the case of C25. Here, the




o — P transformation produces twins (by a martensitic mechanism) so that
the § phase is twinned before transformation to y. In addition, rapid
quenching through the o — oy transformation at 1425°C causes cracking
across twins which reduces even further, the critical volume for
transformation to within one twin. Thus an ambiguity exists in the
definition of the critical particle size for transformation in the C)S system.
While SEM and TEM analyses revealed a correlation between grain size and
twin width, results suggested that the critical particle size may be determined
by

(i) overall C5 grain size
(ii) P twin thickness
(iii) both twin thickness and twin length

Observations of polished surfaces of 30 vol% C25-CZ composite
indicated that the stress-induced transformation of 3-C3S particles could be
induced by surface grinding. Parallel lamellar features in CS particles
appeared in SEM micrographs (Fig. 5a). Corresponding X-ray diffractometry
of ground surfaces indicated that the transformation to y had occurred (Fig.
5b). A transformation zone of such particles at the wake of a crack emanating
from a Vickers indent could be identified by SEM (Fig. 6a, b). Preliminary
mechanical data by the Vickers indentation technique (Fig. 7) indicated a five-
fold increase in toughness in 10 vol% C3S compositions. Considerable
improvements to this are expected by optimization of composition and
particle size distribution. A patent disclosure to the University of Illinois of
these preliminary results has been made.

REFERENCES

1. "Possible Alternative Transformation Tougheners to Zirconia:
Crystallographic Aspects,” W M. Kriven. J. Am. Ceram. Soc., (1988), in
press.

2. "The Particle Size Effect of Dicalcium Silicate in a Calcium Zirconate
Matrix,” W. M. Kriven, C. ]J. Chan and E. A. Barinek. Proc. Third Int.
Conf. on Science and Technology of Zirconia, Tokyo (1980). Advances in
Ceramics, Vol. 24, part A (1988) 145-155.
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Fig. §a SEM micrograph of a calcium zirconate (CZ)-30 vol% C2S
composite. The Co8 has a slightly darker colour. The specimen was

gently sawed with a diamond tipped blade, causing the B-CaS to
transform toy. The y-CaS grains are visible by the parallel striated
features, which give rise to y peaks in X-ray diffractometry patterns.
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Fig. 61 SEM micrograph (corresponding to Fig. 5) of a region adjacent to
the crack. The magnified insert on the right shows that the CaS
grains contain striation features and so transformed to 7.
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Fig. 6b SEM micrograph of a polished CZ-30 vol% C2S composite in the
region of a Vickers indent. Away from an demanding crack, no
striated features were observed in the CoS grains, as seen in the
magnified insert to the right of the figure.
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Fig. 7 Preliminary toughness data from Vickers indentation
measurements for various compositions of B-C2S dispersed in
calcium zirconate




SECTION 2 - PUBLICATIONS

“Particle Size Effect of Dicalcium Silicate in a Calcium Zirconate Matrix",
W. M. Kriven, C. J. Chan and E. A. Barinek, Science and Technology of
Zirconia III, edited by S. Somiya, N. Yamamoto and H. Yangida.
American Ceramic Soc., Advances in Ceramics 24, (1988) part A, 145-155.

"Possible Alternative Transformation Tougheners to Zirconia:
Crystallographic Aspects,” W. M. Kriven, J]. Am. Ceram. Soc. (1988)
71 [12] 1021-1030.

"Microstructural Characterization of Laser-Melted Roller-Quenched
Dicalcium Silicate," C. J. Chan, K. R. Venkatachari, W. M. Kriven
and J. I'. Young. Proc. 46th Annual Meeting of the Electron
Microscopy Society of America (EMSA). Edit. G. W. Bailey, San
Fransisco Press. Milwaukee, WI, Aug. (1988), 582-583.

"Analytical Electron Microscopic Studies of Doped Dicalcium
Silicates," C. J. Chan, W. M. Kriven and J. F. Young,

J. Am. Ceram. Soc., 71 [9] (1988) 713-719.

Paper won Brunauer Award of the American Ceramic Society (1988).

THESES

"Investigation of the Monoclinic (B) to (C) Transformation of
Dysprosium Sesquioxide (Dy;03)." M.S. thesis by O. Sudre. Submitted
Dec. 1987.

"The Development of Dicalcium Silicate as a Transformation
Toughener." M.S. thesis by E. A. Barinek. Submitted Dec. 1987.

"Effect of Phase Transformations, Chemical Doping and Matrix
Constraint on the Microstructural Development of Dicalcium
Silicate." Ph.D. thesis by C. J. Chan. Supported jointly by NSF and
AFOSR through Professors J. F. Young and W. M. Kriven. Submitted
Feb. 1989.

"Determination of the Critical Particle Size of Dicalcium Silicate in the
Transformation Toughening of Magnesia." M.S. thesis by E. 5. Mast,
anticipated submission date Oct. 1989.

"Processing, Microstructure and Phase Transformation of Dysprosia in
Silicon Carbide Matrix Composites." Ph. D. thesis by Shin Kim,
anticipated submission date Jan. 1990.




PUBLICATIONS IN PREPARATION

“Transformation Toughening of Calcium Zirconate by Dicalcium
Silicate." E. A. Barinek and W. M. Kriven.

"Crystallography and Kinetics of the Monoclinic (B) the Cubic (C)
Transformation in Dysprosia.” O. Sudre, K. R. Venkatachari and
W. M. Kriven.

At least two further papers from theses are in progress.
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"Possible transformation tougheners alternative to zirconia-
crystallographic aspects,” W. M. Kriven*. Presented at the Annual
Meeting of the American Ceramic Society, April (1986), Chicago.

"Microstructure characterization of non-stoichiometric dicalcium
silicates doped with aluminum oxide,” C. J. Chan*, W. M. Kriven and
J. F. Young. Presented at the American Society for Electron Microscopy
(EMSA) 44th Annual Meeting, Albuquerque USA, Aug. 10-15 (1986).

"Possible transformation tougheners alternative to zirconia-
crystallographic aspects,” W. M. Kriven* presented at the Advanced
Ceramics II Lecture Meeting, held at Tokyo Institute of Technology,
Japan Sept. 4-5th (1986).

"Dicalcium silicate in the CaO-ZrO-5i0; system,” W. M. Kriven* and
C.J. Chan, presented at the Third Int. Conf. on Science and Technology
of Zirconia, held at Tokyo, Japan, Sept. 9-11th (1986).

"Transformation mechanisms in confined zirconia particles and in
other potential new tougheners of ceramics”, W. M. Kriven* (invited
paper) presented at Fall Meeting of the Metallurgical Society (TMS) of
the AIME, on Physical Metallurgy and Materials, Orlando, Florida,
October (1986).

"Possible transformation tougheners alternative to Zr0>-
crystallographic aspects” W. M. Kriven.* Abstract (#54-BP-87),
presented at the Annual Meeting of the American Ceramic Society,
April (1987), Pittsburgh, USA.

"Effect of kinetics on CaS5iO4 microstructure development,"C. J. Chan*
and W. M. Kriven. Abstract (#112-B-87), presented at the Annual
Meeting of the American Ceramic Society, April (1987), Pittsburgh,
USA.




-, - -

"Development of dicalcium silicate as a transformation toughener,”
E. A. Barinek* and W. M. Kriven. Abstract (#272-B-87), presented at
the Annual Meeting of the American Ceramic Society, April (1987)
Pittsburgh, USA.

"Possible transformation tougheners alternative to ZrOp:
crystallographic aspects,” W. M. Kriven.* Presented at 12th Conf. on
Composites Materials and Structures, Jan. 20-22nd (1988) Cocoa Beach,
Florida, USA.

"The stabilizing role of glassy phases on the B to y transformation in
dicalcium silicate,” C. J. Chan*, W. M. Kriven and J. F. Young. Abstract
(#46-BP-88). Presented at the 90th Annual Meeting of the American
Ceramic Society, Cincinnati, May 1-5th, 1988.

"Monoclinic to cubic transformation in dysprosium sesquioxide,”

O. Sudre, K. R. Venkatachari and W. M. Kriven. Abstract (#47-BP-88).
Presented at the American Ceramic Society, Cincinnati, May 1-5th,
1988.

"Microstructural characterization of laser-melted, roller-quenched
dicalcium silicate,” C. J. Chan,* K. R. Venkatachari, W. M. Kriven and
J. F. Young. Presented at the 46th Annual Meeting of the Electron
Microscopy Society of America (EMSA), Milwaukee, Aug. 7-12th, 1988.

"Transformation tougheners alternative to zirconia - crystallographic
aspects” W. M. Kriven* (invited keynote address). Austceram 88, Int.
Ceram. Conf. and Exhibition, held in Sydney, Australia, Aug. 21-26th
1988.

"The monoclinic to cubic transformation of dysprosia,” W. M. Kriven*
and O. Sudre, Austceram 88, Int. Ceram. Conf. and Exhibition, held in
Sydney, Australia, Aug. 21-26th 1988.

"Martensitic toughening in ceramics: possible alternative tougheners
to ZrO2,” W. M. Kriven.* Invited paper at DOE-sponsored Int'l
Workshop on First-Order Displacive Phase Transformations, held in
Berkeley, California, Oct. 23-28th, 1988.

"The monoclinic (B) to cubic (C) transformation mechanism in
dysprosia,” O. Sudre, K. R. Venkatachari and W. M. Kriven.* Abstract
(#100-B-89). Presented at the 91st Annual Meeting of the American
Ceramic Society, Indianapolis, April 23-27, 1989.
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"Processing and phase transformation of dysprosia in silicon carbide
matrix,” S. Kim* and W. M. Kriven. Abstract (#18-5I-89). Presented at
the 91st Annual Meeting of the American Ceramic Society,
Indianapolis, April 23-27, 1989.

"Sintering and microstructural development of dicalcium silicate in
magnesia,” E. S. Mast* and W. M. Kriven. Abstract (#7-SI-89).
Presented at the 91st Annual Meeting of the American Ceramic Society,
Indianapolis, April 23-27, 1989.

"Eutectic sintering for formation of dicalcium silicate in magnesia,"

E. S. Mast*, R. Pilapil and W. M. Kriven. Abstract (#43-BP-89)
Presented at the 91st Annual Meeting of the American Ceramic Society,
Indianapolis, April 23-27, 1989.

"Martensitic transformations in ceramics," W. M. Kriven* To be
presented at the International Conference on Martensitic
Transformations (ICOMAT-89), Sydney, Australia, July 3-7, (1989).
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1. INTRODUCTION

The importance of dicalcium silicate (CapSiO4 or C5S) has been

studied for some time in various fields. A diagram of its five
polymorphic phases is shown in Figure 1.

The B form commorly occurs in Portland Cement but it must be
stabilized from undergoing transformation to the more
thermodynamically stable Y phase. In the field of cement,
hydraulicity is of major concern. The study of B-dicalcium silicate
(an impure form known as belite) is important since less calcium
hydroxide is formed on hydration, it has a low heat of hydration and
helps to form a strong matrix.

It also occurs naturally as minerals known as bredigite (a'-
Ca2Si04) larnite (B-Ca2SiO4) and an unnamed form (Y-Ca3SiO4). In
addition dicalcium silicate is of interest in the refractory industry, as
in cement the phase transformation from B toY is considered
deleterious. In basic magnesia refractories calcium is usually present
as an impurity, which in the presence of silica forms dicalcium
silicatc. This reaction can occur in refractory bricks when in service
or during production. Its formation may even be promoted since C,S
is one of the higher melting silicates.

The B to ¥ phase transformation is quite powerful since it is
accompanied by a 12% volume expansion. Until now there was no
attempt to use the energy of this transformation constructively. In
addition this large volume expansion makes it a prime candidate for
its study as a possible transformation toughener, since the
transformation seems to be martensitic in nature. It has shown
positive results in preliminary studies(l).
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1.1 Background

There are several ways of controlling a martensitic
polymorphic transformation:

1) Chemical stabilization,
2) Particle size,

3) Matrix constraint,

Chemical impurities added to the system are thought to act as
substitutional cations on the Ca2* sites. The distortion of the
surrounding lattice by this substitution affects the rate and/or ability
to transform from the monoclinic to the orthorhombic phase.

The ability of a particle to transform is directly dependent on
its size. Below a critical cutoff size the particle will not transform to
the Y phase. A "single crystal” particle requires a certain amount of
energy to overcome the transformation barrier. The difficulty of
nucleatiig a transformation increases as the particle size decreases.
This was shown specifically for C;S by Chan(2). X-ray diffraction
showed that for a decrease in particle size the magnitude of the 7
phase peak subsided while the P phase peak appeared and then
increased in magnitude.

Matrix constraint is the primary mechanism used in
transformation toughening. This is an appropriate mechanism since
the hydrostatic constraining force exerted on the § C;S particle by the
matrix will act in such a way as to alter the energy at the particle
surface interface. A disruption of this stress field by the associated
stress-strain field of an approaching crack will lower the interfacial
energy and thereby allow the formation of the equilibrium ¥ phase.
The exact mechanisms and crystallographic details of this process
have yet to be worked out. The proccss becomes crystallographically
complicated very quickly. During the o' < transformation
crystallographic twins form(3). The size and orientation of these
twins controls the morphology of the B phase. This subsequently
plays a role in the kinetics of the B—7y structure change. During the
transformation the twinned B converts to an untwinned Y phase. The
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transformatin toughening studies.

*  Powder X-ray data from Regourd et al. [12]

For 'y phase, the single crystal studies on doped CaSiOq4 by Saalfeld
[13] and Udagawa and Urabe [14] found that the superlattice is actually
along the c-axis and 3 times that of the basic cell.

** Powder x-ray data from Udagawa and Urabe {14]

Polymorphic transformations of dicalcium-silicate, B to Y is basis of
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twins could actually play a key role in the macroscopic B—Y
transformation.

1.2 Project Objectives

The goal of this research is to produce a composite of C,S in
magnesia which displays the toughening ability of C5S for a relatively
soft, low elastic modulus material. As shown by the phase diagram,
Figure 1.2, there are no intermediate compounds on the MgO-C,S tie
line. Their solid solubilities in one another are low, and the eutectic
is at 1800°C.

To produce the maximum toughening effect the composite must
be fully dense. Most importantly the critical particle size of C,S
must be determined. Then for optimization of the system the critical
volume percent of toughener must be determined. These last two
effects may prove to be interdependent due to interlocking stress
fields. Optimal firing, cooling and annealing schedules need to be
determined concurrently with the composite investigations.

2. REVIEW

This portion of the project was started by E. Mast nineteen
months ago. Much old literature, from the late sixties and early
seventies, was found on the study and control of C;S in the basic
refractory industry. Some useful literature was also obtained from
the cement industry, although the emphasis in both of these fields
was directed towards suppressing or eliminating the B—7Y
transformation. When the transformation occurred it became known
as "dusting." Dusting is the phenomenon where refractory bricks
containing C;S were reduced to a pile of "dust” upon exiting the
furnace. The uncontrolled B—7Y transformation of the C5S could cause
the destruction of a monolithic brick into small ruble. If harnessed,
this powerful mechanism could be used for transformation
toughening, that is if the mechanism is martensitic.

Martensitic transformations were first discovered in metals.
Quenching of steels can create the martensite structure. In fact this
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thermodynamically unstable compound is one of the keys io making
steel what it is. Internal stresses locked in from quenching are
responsible for creating an energy barrier to the kinetics of the
transformation. In toughening the external energy applied to
overcome the free energy of the transformation energy barrier is
acquired from a strain field.  This specific type of transformation 1s
termed a shear strain-induced martensitic transformation. As
classified by Cohen(4) the necessary and sufficient requirements for
martensitic phase transformations are:

a) displaciveness of the lattice distortive type involving a
shear-dominant shape change,

b) the transformation does not require diffusion

c) kinetics and morphology during the transformation are
dominated by a sufficiently high shear-strain energy in the
process.

For C»S to have a martensitic mechanism it must fulfill these three

criteria.

For quite a long time it was thought that this mechanism could
not exist in ceramics due to the increased crystaliographic
complexity. This idea was suggested to be false in 1968 by King and
Yavorsky(5) and proven false by others later. Zirconia was chosen
for the material of interest with good reason. It is relatively simple
to understand crystallographically and can be controlled by chemical
stabilization. It was a good model system shown by its current
commercialization applications in such materials as partially
stabilized zirconia (PSZ), zirconia toughened alumina (ZTA), and
others.
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The next logical sten in the development of transformation
toughening of ceramics is the location of materials alternative to
zirconia. This will do at least two things:

a) give a better understanding of the atomistic mechanisms
involved in toughening materials

b) gain a further insight into the possible uses of martensitic
mechanisms in ceramic systems.

2.1 Previous Work

Some success was seen in the first year of research.
Specifically it was initially shown that the system was chemically
compatible, and areas for further concentration were defined.
Magnesia is not a stabilizer for C5S. It has minimal solubility in C3S
and likewise for C,S in MgO.

The first task was to find a satisfactory method for the
production of dicalcium silicate for the addition to the magnesia
matrix. The method settled upon used calcium carbonate and silicic
acid. Both had good reactivities.

The prepared C,S was attritor milled for various times and
then added to a matrix of magnesia. This method was tried first
since it was the one currently used by Barinek!. It was soon realized
that this method was not suitable for my work. Although promising
results were obtained, the attritor mill produced a wide distribution
of C,S particle sizes. These distributions were characterized by
sedigraph techniques. It was shown that any individual distribution
could be shifted systematically by controlling the time of attritor
milling. These results were reproducible but only within certain
limits.

At the optimal point of attritor milling, thirteen to fourteen
minutes, the pellets formed with this C,S transformed
uncontrollably. This was attributed to the presence of a distribution
of C,S particle sizes in the matrix. It is thought that the presence of a
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few "large" B C,S grains which were unstable, induced a self
transformation. This is due to the size effect as mentioned
previously. If these grains were much larger than the critical
paiticle size for the matrix they would transform to the Y phase
without outside stresses to constrain the transformation. The strain
induced into the matrix by these transformed grains could in turn
induce the same transformation in C,S grains which would have
normally been stable. As this wave spread through the body a
progression of B—7Y phase changes would ensue and in time the once
monolithic piece would be reduced to a pile of powder.

A second problem discovered in the processing was a decrease
in the density of the composite pellet as the particle size of the C;S
decreased. At the point of optimal attritor mill time the density of
the aggregate pellet was below ninety percent. For best results a
fully dense body is desired. This is obvious since a porous body
could not exert a hydrostatic pressure on the critical particle size -
C,S grains. A B-C,S grain next to a pore would not be in equilibrium
and the associated nonuniform stress field would permit the B—7Y
transformation.

The jobs ahead were to then:

a) narrow the C,S particle size distribution range

b) alter powder processing to increase the composite density

The former included just trying to define a particle size for
these lenticular particles with lath morphology. And to make
particle size cuts as clean as possible, thereby narrowing the particle
size distribution range. It was clear that another method besides
attritor milling needed to be employed in obtaining the desired
distribution.

The later involved altering the surface chemistry of the
magnesia used as the matrix material. The raw magnesia is a
submicron powder with an associated high surface charge. This
electrostatic type charge makes the powder difficult to work with.
There are unlimited methods of approaching this problem.
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2.2 Current Research

The current state of affairs is to take what has been learned
from research on the above two problems and use it to make a dense
coherent pellet containing C,S grains of critical particle size and test
their toughness. The optimal volume percent loading and related
grain size of the C,S will be determined next. The toughness

increase will be maximized in this ideal system.

3. EXPERIMENTAL

3.1 Material Processing

Processing is one of those things that could go on indefinitely.
It is a rare situation when one can no longer make improvements in
a process. Unfortunately this case is not special. The method of
processing has been changing and improving as the project
progresses.

3.2 Characterization

Several methods were used to analyze the powders and the
resulting composite pellets. One of the most powerful and useful was
scanning electron microscopy (SEM). The morphology of the C5S
powder was continually checked and studied using the SEM. X-ray
diffractometry (XRD) also allowed a continual analysis of the phases
present during the steps of processing. Other methods inciuded the
sedigraph for a spherical Stoke's equivalent particle size analysis. A
sonic sieve and an air classifier to determine particle size
distributions and extract desired particle size cuts.
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3.3 Dicalcium Silicate Synthesis

Specifics on the raw materials used are included in Appendix 1.

Figure 3.3 gives the flow chart for C,S production. The new C;,S

forming method is as follows:

i) mix calcite and silicic acid ultrasonically in isopropanol (IPA)

ii) evaporate off alcohol on a hot plate with stirring in a hood

iii) initial calcination at 1000°C for 3 hours in a Teresco furnace

iv) mix/grind with mortar and pestle, sieve with 100 micron
sieve

v) press 1" pellets, B60A as binder, 2500 Ibs. uniaxial pressure

vi) react at 1450°C for 2 hours

vi a) anneal at 900°C for 2 hours (only used with air
classifying) ;

vii) transformed powder ultrasonicated in IPA with B60A to
decrease fragility

viii) stirred/dried on a hotplate in a hood

ix) particle size separation of dried powder
3.3.1 Dicalcium Silicate Powder Characterization

Variables in processing of the C,S were altered or steps were
added as more was learned about its nature. It is a very fragile
material just after forming composed of loosely joined bundles of
laths easily disrupted by further handling. When this happens
individual laths can be knocked off which decreases the effective
particle size. For this reason steps; vi a to viii, were added after
observations of how the powder was acting during processing.
Discussion of this is below. Steps; iv and v, were added when some
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unreacted powders remained after processing. In this alternating
way of processing and characterization the current method of
processing resulted.

3.3.2 Polymer Additions

A rough determination of the amount of B60A required to coat
the surface of a gram of C,S was determined by a test tube series. To
a rack of test tubes, each containing two grams of C,S in IPA,
different amounts of B60A acrylic resin was added. The C,S was as
prepared before size fraction separation. Ultrasonicating was used to
mix the solutions. After allowing the solutions to come to
equilibrium overnight it was determined that 0.3 mls of a 2.5X10-
5g/ml solution per gram was best. The solution with lowest bulk
volume was termed the best. This is because a monolayer coverage
of the polymer, without agglomeration, will give the best packing of
the powder. The surface charge will be just saturated with no
additional agglomeration from additional polymer. It is hoped, but
not proven directly, that this polymer, when dried onto the surface
and in the cracks of the C,S, will give added strength to the particles
during further processing. The fragility of the larger particles was of
a major concern if they had happened to have the critical particle
size.

3.3.3 Sonic Sieve

A complete particle size analysis series was done for several
different batches of C,S to check the integrity of the formation
process. The results showed relative consistency but gave a spread
on the small particle size end of the distribution. The tabulated
results of this series is contained in Figure 3.3. From the C,S powder
collected, both polymer treated and untreated, composite pellets
were formed containing 15 volume percent loading. Pellets were
fired just as the pure magnesia matrix pellets were fired. The pellets
were not annealed.
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There seemed to be a difference in the polymer treated C;S
composite pellets in that they tended to complete their
transformations faster and more completely than the untreated ones.
This was based on empirical observations. Nothing quantitative
could be attained.

The pellets of -20 +10 micron size C,S transformed only at the
surface.  Magnesia has a relatively low vapor pressure. So one
possible explanation is MgO at the surface volatilized and left a C,S
enriched layer which initiated its own transformation. This surface
transformation occurred within a day after the pellet was removed
from the furnace and kept in a dessicator. Densities of the green and
fired pellets were measured. Transformation had begun before
densities were taken. These pellets continued transforming over the
period of a month. Annealing should have caused equilibrium to
occur, allowing full transformation even before complete cooling.
Therefore the critical particle size cannot be attained using sonic
sifting since this (-20 +10 micron) is the smallest size attainable by
this method. Attention will now be diverted to air classification to
see if it can offer a smaller narrower distribution for addition to the
composite.

3.3.3.1 Sedigraph

The sedigraph uses X-rays to determine particle size and will
give a Stoke's equivalent particle size distribution. This method uses
a spherical particle approximation. It will also give a relative size
distribution of a powder. As mentioned previously it was used to
determine the particle size distribution after attritor milling. This
will be a useful method for determining and given distribution
between two cuts from the air classifier.
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3.3.3.2 XRD

A series of standards were prepared from the sonic sieve
fractions of both annealed and not annealed treated Y C,;S, and not
treated unannealed C3S. A comparison between the annealed and
both of the unannealed, one with B60A and one without B60A,
fractions yielded an interesting result. The 20 values of 2.59 and
2.80 with respective (h k 1)'s (041) and (040) gave a relative
intensity difference. The peaks also showed slight shifts. This has
not been studied further. A higher resolution machine with higher
precision needs to be used in order to quantify these effects.

The X-raying of pellet surfaces gives a semiquantitative
analysis of the relative amounts of B and Y phases. A controlled
induced transformation, such as by grinding, can be followed with
this method.

3.3.3.3 SEM

The scanning electron micrographs give the best results to date.
They show the progression in particle size distributions of both the
sonically sifted and air classified C5S. The micrographs are included
in Appendix 2.

The morphology of the larger particles appears more spherical while
the smaller fractions appear more lath like.

Cracks generated from the powerful 12% volume expansion of
the B-Y transformation in C,S separate bundles of laths. The cracks
extend along the c-axis direction parallel to the lath length. At the
same time these cracks occur between laths separating them into
bundles. The different methods of comminution increased the
cracking and proliferated individual lath separation. These fragile
pre-cracked bundles are easily disrupted and split-up into smaller
bundles or single laths. This was first noticed when sonically sifted
C,S of a larger particle size was ultrasonicated in a solution of alcohol.
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3.3.4 Annealing Effects

For the full effect of the transformation the pellets need to be
annealed. A temperature of 900°C was chosen as the annealing
temperature, this is the temperature Chan used. Annecaling of the
final composite pellets assured a more reactive equilibrium structure
for the B-C,S. A control of the o' «>B transformation at .675°C is
necessary to control the twin characteristics of the B-_,S. Itis
thought that the atomic kinetics are fast enough at 900°C to attain
the equilibrium structure. This will guarantee the fastest p-7
transformation possible with no mechanistic hindrance from
diffusion.

3.3.5 Air Classifier

The sonic sieves did not give satisfactory results for the
particle size required. The air classifier offers a possible alternative
which can provide the extremely narrow distributions required.

With the air classifier the classifying wheel speed and air
volume are controlled to give a distinct cut point for a material. One
feed jar and two collection jars are employed, one collection jar for
the coarse fraction and one collection jar for the fine fraction. Tc
obtain one distribution two cut points are selected. This means that
the selected material needs to be run through a minimum of twice.
Particle size reduction is severe and the resulting powder shows
some contamination from the process. The contamination has not
been quantified but there is a distinctive color change from the white
powder which goes in and the gray powder which is collected in the
jars. The contamination is most severe on the first run but appears
to get only siightly worse with continued cutting of the powdecr.




WEIGH POWDERS

37

R .

c2s MgO

\/

mix in beaker with IPA and
B60A (binder/dispersant)
in an ultrasonic bath

slowly evaporate off IPA with
a magnetically stirred hotpiate
in a hood

cold isostatically press
> at 25,000 psi;
measure density

press into 1/2"
diameter pellets

pellets fired according to
firing schedule, density
measured

'y

MEASURE
SEM, TEM, X-RAY SURFACE,
ACQUSTIC EMISSION, AND
VICKER'S TOUGHNESS

FIGURE 3.4  Flow chart showing processing used in formatin of composire
pellets.




3.3.5.1 Sedigraph

A complete analysis of the particle size fractions obtained from
the air classifier at different speeds is included in Appendix 3. The
distributions are much narrower than those from the attritor mill,
they are comparable to those of the sonic sifter but at a smaller
particle size. This is exactly the type of distribution desired, the only
other way to obtain these type of cut sizes may be from a wet
chemical technique.

A graph showing the three cuts of C;S used in the formation of
15 volume percent loaded composites is shown in Appendix 3.

3.3.5.2 XRD

The air classified C,S powder was not X-rayed for phase
determination due to the small amounts of powder obtained by this
method.

3.4 Composite Pellet Formation

A flow chart giving the processing steps for the formation of
the composite pellets is shown in Figure 3.4. In obtaining a dense
composite a dense matrix was a prerequisite. Four surface modifiers
were tried with the pure matrix material and processed analogously
to the composite.

3.4.1 Effect of Polymer/Acid/Base Additions

A series of experiments was conducted in which two different
polymers, an acid, and a base were individually added to the
magnesia matrix material and densities measured. Dicalcium silicate
was not used in this series. The amount of additive per gram of
powder varied. Accompanying density changes were tabulated and
graphed in Appendix 4. The order of additions was randomized to
exclude any systematic error. The amount of uniaxial pressure
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required to obtain coherent pellets dropped drastically with all
additiens,

The sub-micron magnesia starting material was most likely
prepared in a wet chemical method by precipitation. Therefore it is
difficult to know whether it has a positive, negative, or neutral
surface charge which would depend on the pH of the solution from
which it was formed. The surface charge must be suppressed to
allow for the best particle packing in the pressing step and therefore
the highest green density.

The base, acid and two polymers used were respectively
ammonium hydroxide, nitric acid, B60A an acrylic resin, and B-76 a
polyvinyl butyral. @ The amounts of each added is included in
Appendix 4.  Stock solutions of nitric acid and ammonium hydroxide
were prepared and had calculated pH's of 0.07 and 11.50
respectively. The processing of the magnesia pellets was as follows:

i) add acid/base to approximately 250ml of IPA ultrasonicate

i1) add 5.000g of MgO powder to ultrasonicating solution,
ultrasonicate at least five minutes for mixing

iii) evaporate off alcohol on a hot plate with stirring in a hood

iv) dry powder forced through 100 micron sieve

v) press !/," pellets .750 lbs. uniaxial pressure

vi) fire at 1550°C in Teresco furnace for 3 hours

Tables were formed using Excel on the Macintosh, the resulits
were then plotted using Cricketgraph.

A trend was seen just as in the case of the polymers. For the
nitric acid there was an initial increase up to 0.30ml in the density
followed by a decrease, then another gradual increase was seen for
further increases in concentration up to about 3.00ml. For the
ammonium nitrate the trend was almost exactly opposite, there was
a sharp decrease in density at 0.30ml. This was followed by an
increase in density up to about 1.5 ml of base, then again exactly




40

paralleling the trends in the acid there was a gradual decrease in
density up to about 3.00ml NH4OH. The trends in the final densities
of the acid and base were opposite in nature. An explanation for this
behavior is just the same as that for the polymer system. Repeating
from before, the initial peak in the density data arises from
fulfillment of the surface charge on the powder surface. After this
point the second peak is due to the formation of agglomerations or
flocs, partial flocculation is known to increase the density of a body
when the flocs reach a certain concentration. Initially

agglomerations decrease the density which is what was observed.
But the further increase in acid or base brought about an increase in
the floc concentration and thus density. This second peak is
explained by the fact that packing of a range of particle sizes is more
efficient than the packing of mono-size spheres. For the processing
of the powders I will stick to the area of the first peak where there
are no agglomerates to complicate things. By adding the C,S after the
initial preparation of MgO the formation of flocs of pure C»S could

probably be avoided.

4. RESULTS & DISCUSSION
4.1 Sieving vs Air Classifying

The smallest size fraction obtainable with a lower limit (-20
+10 microns) was still too large for a fifteen volume percent loading
of C5S. The -10 micron C,S particle size distribution was too wide
and did not allow for control.

4.2 Dusting Properties

In the pellets where a self induced transformation occurred X-
ray analysis showed no detectable B-C,S remaining. This correlates
well with the theory. By containing a particle size larger than the
critical particle size the matrix could not supply the restraint
necessary to inhibit transformation resulting in a complete B-7Y
transformation of all the C,S.
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The thermal stress relief anneal at 725°C was added in order to
allow for a decrease in the C,S stress field. There is an accumulative
-6.5% thermal contraction from the above transformations. After
this step was included the pellets containing C,S of the critical
particle size dusted completely. The stress relief caused the
apparent critical particle size to increase slightly. This anneal also
allowed for an immediate and complete transformation of the pellets
containing the C,S slightly greater than the critical size. Previously
the pellets transformed from the surface out over a given time
interval depending on the C,S particle size.

4.3 Densities

Densities were measured using the Archimedes technique.
Hexachloro-1,3-butadiene (98%) was used as the fluid due to its good
surface wetting. Densities were all above 95% in the composites
formed from the three air classifier cuts mentioned earlier.

4.4 Microstructures

The primary method of microstructure characterization at this
time is by SEM. After bodies containing the critical particle size of
C»S have been formed then work will commence on the TEM. With
TEM the effect of twin size and lattice correspondence effects can be
better studied.

4.4.1 SEM

Initial success can be seen from the SEM micrographs in
Appendix 2. The morphology of the larger particles appears more
spherical while the smaller fractions appear more lath like. Particles
are well distributed within the matrix . The shape of the classified
C,S is maintained after densification of the matrix around the
particle. Any porosity present appears to be near the C,S grains.




Surfaces were prepared by:
a) Polishing to six microns with diamond paste

b) Thermal etching immediately after polishing according to
the schedule in Appendix 5.

4.5 Initial Acoustic Emission

Acoustic emission is a method which uses a transducer to
"listen" to events occurring in a body, such as the phase
transformation of a particle or the propagation of a crack. The
theory is nearly identical to sonar listening for submarines. Just as
the reader, when he was young, probably listened to trains by
placing his ear on the railroad track, the transformation of a particle
can be heard by a transducer coupled to the pellet. If the train
derailed while someone was listening he would be able to tell that
something different from the normal had just happened. Likewise
when different events occur in the sample there would be a
difference in what is "heard." Three separate events that were
recorded while a pellet was undergoing self induced transformations
are shown in Appendix 6.

4.5.1 Energy vs. Frequency Histogram

By collecting multiple events arising from a particular type of
phenomena, an energy-frequency histogram can be produced.
Statistically there will be variation in the magnitude of a particular
type of event due to the mechanics and electronics of the detection
system, therefore a histogram is used to give a representative energy
distribution for an event type.
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4.5.2 Particle Size vs. Transformation Energy

Since the energy released from the transformation of the
particle is directly related to the energy received by the transducer,
the transformation of a larger particle will relate to a higher energy
signal being received by the transducer.

Several ideas, or questions related to this area of study now

arise.
a) Is it possible to obtain a particle size distribution determined

by the energy of the transformations?

b) Which particles actively contribute to the toughening effect?
Which ones transform first?

c) Does the transformation of the larger particles induce a
transformation in the smaller surrounding particles?

d) What is the size of the transformation zone? How many
particles does it affect?

By employing a double transducer technique the location of a
specific event can be determined.

4.5.3 Effect of Thermal History

It has been seen that the rate of cooling through some of the
upper transformations will have a definite effect upon the B-Y
transformation. In pellets that contain a C,S particle size just larger
that the critical particle size, for that particular volume percent
loading, self induced transformation occurs. The 6.5% thermal
shrinkage of the C,S, if not relieved, will have an effect on the
transformation. Acoustic emission can be used to monitor the effects
of this stress on the transformation, A prime opportunity is offered
here to study the interrelated effects of a known hydrostatic stress,




F—i
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known particle size distribution and ‘- “ucibility of the
transformation.

The rate of decay of the body can also be analyzed as the
transformation zone progresses through it. The matrix constraint
stress relief due to either the disruption of the surrounding uniform
stress field by the transformation of neighboring particles or directly
by exposure to the unconstrained free surface might initiate this self
induced transformation.

4.5.4 Effect of Twin's Presence

Twins are formed when the C,S undergoes the o'p P
transformation. The propagation of the transformation through the
twin structure is not well understood. The use of acoustic emission
may be able to help understand how twins accommodate this
transformation and how the lattice correspondence relation between
the b and ¢ axes occurs. Do all the twins "pop" into position
simultaneously or is it actually a multiple event with the twins
falling rapidly like dominoes?

The monoclinic-orthorhombic (B-7Y) transformation in dicalcium
silicate is unique from the analogous tetragonal-monoclinic
transformation in zirconia since it enters the transformation already
twinned. Whereas the zirconia forms twins during this
transformation. It may be possible to detect the effects of the twins
on the transformation by analyzing differences in the characteristic
energy, frequency or other parameter. Twin width, length and/or
volume may alter the characteristics of the transformations as
received by the electronic instrumentation.

4.5.5 Microcracking

Since microcracking in addition to transformation toughening is
a contributor to toughness increase of a ceramic it would be
beneficial to find how the two are interrelated. Acoustic emission
can be used to determine the link of how a portion of the energy of a
transformation can be transferred to the initiation of a microcrack.




These two events should be easily distinguishable by their
characteristic energy and frequency.

The stress of the matrix material surrounding a transforming
particle must be relieved in some manner. This relief can be in the
form of microcracking or the rapid expansion of microcracks already
present in the particle's associated stress field. The elastic modulus
can help determine the propensity of microcrack formation.

It should also be possible to observe a transformation which
formed microcracks to initiate further transformations. The multiple
event may occur at the speed of sound, but it should still be possible
to resolve the contributions of the individual events from the
superimposed signal which is received.

5. CONCLUSIONS AND FUTURE WORK

A composite of matrix stabilized B-C,S in magnesia has been
obtained in which the particle size has been controlled.

Firstly the toughness needs to be determined. Vickers
indentation will be used to measure the toughness. The toughness
results will be useful to compare to the results obtained by Barinek
for C5S in calcium zirconate (CZ). Calcium zirconate is a hard matrix
compared to magnesia. A transformation zone will be looked for
around the cracks initiated by the indenter using SEM.

TEM will be used to look at the C,S grain interfaces to study the
effect and method of constraint on both phases.

Acoustic emission can be used to help understand the
transformation insitu.  The properties of the transformation can be
analysed while the particles of C,S are completely constrained by the
matrix and a crack is induced.

Many parameters such as higher temperature transformations
(those above the B-7Y transformation), twin size, residual thermal
stresses and the effect of thermal cycling through the changing
lattice correspondences affect control of the B~7Y transformation in
GC,S.

45




46

6. REFERENCES

1. E.A. Barinek, "The Development of Dicalcium-Silicate as
aTransformation Toughener," M.S. Thesis, W.M. Kriven advisor,
submitted Dec 1987.

2. C.J. Chan, "Effect of Phase Transformations, Chemical Doping and
Matrix Constraint on the Microstructural Development of
Dicalcium-Silicate,” Ph.D. Thesis, W.M. Kriven advisor,
submitted Feb 1989.

3. G.W. Groves, "Twinning in b Dicalcium-Silicate,” Cem. Concr. Res.
12 619-624 (1982).

4 M. Cohen G.B. and Clapp, "On the Classification of Displacive
Phase Transformations," Plenary Lecture, Proc. ICOMAT, MIT,
Cambridge,MA, (1979)

5 A.G. King and P.J. Yarvorsky, "Stress Relief Mechanisms in
Magnesia and Yittria-Stabilized Zirconia," J. Am. Cer. Soc., 51 [1]
38-42 (1968).




Appendix 1

Raw Materials
&
Processing Additives

47




MAGNESIUM OXIDE

Manufacture
lot#*

chemical analysis

Mallinckrodt
6015 KXDL
Ammonium Hydrate Ppt..0.02%

Barium(Ba)........cccccoeorennne 0.005%
Calcium(Ca)...cocoercceee 0.05%
Heavy Metals (as Pb)........ 0.003%
Insoluble in HCY.................. 0.02%
1ron (Fe).erceeee, C.O01%
Loss on Ignition.................. 20%
Manganese(Mn).............. 0.0005%
Nitrate (NO3).....ccooorenne. 0.005%
Potassium (K)....cccooovvnnee. 0.005%
Sodium (Na&).......ccocoeeennnn. 0.5%
Soluble in Water............. 0.4%
Strontium (Sr).....ccccoeeenee. 0.005%

Sulfate&Sulphite(as S04)0.02%
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CALCIUM CARBONATE

Manufacture
lot #

chemical analysis

FISHER SIENTIFIC

874601
Sodium (Na@).....coooeoeeeee, 0.03%
Strontium(Sr).....cccvevieeen.. 0.02%

Insoluble in dilute

Hydrochloric Acid............ 0.002%
Water-Soluble Titration
Base....coovernn 0.0004meq/g
Chloride (C1)...cccovvreenne. 0.0005%

Oxidizing Substances

(8S NO3) .o 0.005%
Sulphate (S04).............. 0.008%
Ammonium (NH4)............ 0.003%
Barium (Ba).........cccccoeeeeen. 0.001%

Heavy Metals (as Pb)... 0.0002%
fron (Fe)...cooovveiiiennn. 0.0005%
Magnesium (M@)......ccccoeeee. 0.01%
Ammonium Hydroxide ppt 0.01%

Potassium (K).........c.......... 0.002%
Flouride (F)....ccccovnni.. 0.0006%
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SILICIC_ACID
Manufacture Mallinckrodt
lot * 2847 KMND
chemical analysis Chloride (C1)..ccooivicea <0.01%
Heavy Metals (as Pb).. <0.002%
Iron (Fe)....ccoooviereenn.. 0.0008%

Nonvolatile with HF....... 0.04%
Less on Drying......coocoeee. 6%

Loss on Ignition.............. 11.5%




S B N D I BN B D e Ea

Manufacture
lot *
Grade
Code

Chemical Analysis

RHOPLEX

Rohm and Haas
339044
B-60A
6-5159

Acrylic Resin
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Manufacturer

lot *

POLYVINYL BUTYRAL

Monsanto

2929,Bulvar B-76
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Appendix 2

SEM Micrographs
of
Dicalcium Silicate Powder
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Appendix 3

Air Classifier
Calibration Curve
and Results
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PARTICLE SIZE (micron)

CALIBRATION CURVE FOR AIR CLASSIFIER

35

25 F

15[-

10 |-

—a— 50% P.S.

V=55-(n/1000)

Source for adjacent cuts

4000

' T v v T
6000 8000 10000

CLASSIFIER WHEEL SPEED (rpm)

12000
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CUMULATIVE MASS PERCENT

SEDIGRAPH ANALYSIS OF AIR CLASSIFIER DATA
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CUMULATIVE MASS PERCENT

SEDIGRAPH ANALYSIS OF AIR CLASSIFIER DATA
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Appendix 4

Matrix Densification
Surface Modifier
Results
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Density
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Appendix 5

Furnace Schedules
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TEMPERATURE (celsius)

SAMPLE FIRING SCHEDULE

2000

1

1750
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1250
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TEMPERATURE (Celsius)

THERMAL ETCHING SCHEDULE
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Appendix 6

SEM Micrographs
of
Composite Microstructures
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Appendix 7

Acoustic Emission
Curves
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PROCESSING AND MICROSTRUCTURE OF DYSPROSIA
IN SILICON CARBIDE MATRIX COMPOSITES

Annual Report

April 30th, 1989

S. Kim and W. M. Kriven
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The high transformation temperature of dysprosia, coupled with its
thermodynamic stability and low volatility at high temperatures suggests a
high temperature transformation toughening agent in a suitable matrix.
Several processing methods had been studied in order to disperse
monoclinic (B) Dy203 into SiC matrix. This is intended to be an analogue to
zirconia-toughened alumina in which 15 vol% of tetragonal zirconia
particles are metastably dispersed in polycrystalline alumina.

The objectives of this research are to form a dense SiC -- B- Dy203
composites by optimizing processing variables and to understand the C «* B
transformation of Dy9Og during densification and subsequent heat
treatments and characterize the microstructure of SiC- Dy2O3 composite
system.,

Oxygen impurity is always present in SiC powders as thin surface
oxide film. In SiC - Dy203 system, oxygen reduces the amount of free
dysprosia at densification temperature and increases the amount of liquid
phase. For SiC - 15 vol% Dy203 system, estimated equilibrium phases
present at densification temperature (2000 C) are 94.6 m/o free SiC (solid),
1.7 m/o free Dy203(solid), and 3.7 m/o Dy203 - SiO2 liquid which has a
composition of 78 m/c Dy9O3 + 22 m/o SiOs.

Processing variables include densification methods (hot pressing, hot
ejection, hot isostatic pressing and pressureless sintering), additives
(carbon and boron), cooling rate (quenching) and annealing treatments
after densification.

Hot pressing was conducted at 2000 C using graphite as die and
punch material. Hot isostatic pressing was done at 2000 C using tantalum
metal encapsulation. The cooling rate was ~ 53 C/min. Pressureless
sintering/quenching was conducted at 2050 C in argon gas (50.5 KPa). At
the end of the hold time, the power of the heating element was turned off in
order to get the highest cooling rate. Temperature dropped by 200 Cin 10
seconds.

Table 1 lists the dysprosia phases and density of the composite after
densification. Hot pressing or hipping (group 1) produced composites with
C-dysprosia rather than B-dysprosia.Carbon and boron additions (group 2)
help to get some dysprosia in the B-phase but the composites still have C-
dysprosia. Hot ejection (group 3) also could not retain the B-dysprosia,




which suggests that the cooling rate was not high enough to retain the B-
dysprosia.

Table1. Dvo0O3 Polymorphs and Density of SiC - DyoO3 Composites,

Material  Densification/Heat Treatment Dy203 %TD

Gr 1: N ditiv

ol5D* HP (2000C, 28MPa, 20min) C 88.4
B15D HP (2000C, 28MPa, 20min) C 88.6
B15D HIP (2000C, 186MPa, 1hr) C+B(tr) 981
30D HIP (2000C, 186MPa, 1hr) C 92.2

roup 2 : Cand B itiv

a30D1C1B HIP (2000C, 186MPa, 1hr) B+C 99.9
f30D1C1B HIP (2000C, 186MPa, 1hr) C+B 941
ol10D2C1B sinter-quench (2050C, 20min) B 60.3

Group 3: Hot Ejected (HE)

a10D1C1B HE (2050C, 28MPa, 20min) B+C 97.5

al10D HE (2050C, 28MPa, 20min) C 93.6
r 4 :HE Follow H n nching Treatmen

a10D1C1B HE-quenching from 2050 C B

«l0D HE-quenching from 2050 C B

*a=a-SiC, B=B-SiC, 15D=15 vol% Dy903, 1C=1wt% C, 1B=1 wt% B
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Heat and quenching treatment of hot ejected materials (group 4) was
conducted by rapidly heating to 2050 C, 10min hold and quenching by
turning off the power of heating element. Temperature dropped by 200 C in
10 seconds. Note that heat and quenching treatments could retain all the
dysprosia in the B-phase, indicating that quenching is effective in
retaining the B-dysprosia at room temperature.

Table 2. lists the comparison of d-spacings and relative intensities
between pure B-dysprosia obtained by plasma spraying of dysprosia on
aluminum substrate and B-dysprosia in SiC- DysO3 composites. The
comparison shows a fairly good agreements in d-spacings with some
differences in relative intensities. Bright field TEM micrographs of hot
ejected 10D material is shown in Fig 1. The dysprosia grain wets SiC
grain, suggesting that they formed a liquid phase during densification.
Small crystallites were observed in dysprosia grain, the EDS analysis of

which showed Si peak only, suggesting either SiC or SiOs. Fig 2. shows
SEM micrographs of hipped 15D material.

Table 2 mparison of d-spacings and relative intensitie

DPure B- Dy9O3 B- Dy20Q3in SiC

Plasma Sprayed 010D-HE-Quenched
d-spacing (A) Intensity d-spacing (A) Intensity
3116 b 3.118 R

3.000 38 3.062 43

2937 52— ---

2.837 40 2.841 43

2,788 73 2,757 100

272 100 2716 59
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Annealing heat treatments

In order to find the effect of long term, high temperature annealing
on the phase stability and microstructure of SiC- Dy2Og3 composites,
annealing heat treatments were conducted by heating at 1500 C for 50
hours. Some materials were also annealed at 1250 C. Static air and flowing
argon gas atmosphere were used as annealing environments. As shown in
Fig. 3, hot pressed or hot ejected materials annealed at 1500 C produced
large amount of unknown phases (labeled X) on sample surfaces both in
static air and in argon gas. The polished surface of hot ejected materials
annealed at 1250 C in air did not show unknown phase (Fig. 4). In contrast
to hot pressed materials, X-ray diffraction patterns of hipped materials
(Fig.5) did not produce any unknown phase on annealing. This is due to
the use of tantalum encapsulation which isolates the material from the
environments. Annealing at 1500 C in air seems to produce B-dysprosia.
Table 3. compares the d-spacings for pure B-dysprosia obtained by plasma
spraying and dysprosia in SiC matrix after annealing in air. The relative
intensities are different from each other. Bright field TEM micrographs of
air annealed B15D-hip material is shown in Fig. 6. The microstructure of
air annealed materials are similar to that of as-hipped material.

Tabl mparison of d-spacin nd relative intensities

Pure B- DyoO3 B-Dy203 in SiC

Plasma Sprayed B15D-HIP-Air Annealed
d-spacing (A) Intensity d-spacing (A) Intensity
3116 & 3.081 100

3.000 K T -

2937 72 2.933 43

2.837 40 2.850, 2.840 16

2.788 73 2.790 6

2.72 100 2.148 4
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Because the presence of Si in dysprosia may affect the
transformation behavior of dysprosia, TEM/EDS was taken in order to
determine the Si content in dysprosia grain. Fig. 7 and 8 show the EDS plots
for as-hipped and annealed materials, respectively, indicating the presence
of Si in dysprosia grains. Several measurements were made on different
dysprosia grains and the average Si content is listed in Table 4. Little
difference in Si content is observed after annealing treatments.

Table 4, Average Si content in DysQ3_ grain in hipped specimens,
(Dy + Si=100%)
Material Avera 1 Content (at%
B15D-As Hipped 51%
315D-HIP-Air Annealed 6.6 %
CONCLUSIONS
1. A dense SiC- Dy20Og3 composite containing predominantly B-phase of

Dy203 could be obtained.
2. Quenching was effective for retaining the B-phase of DyoOs3.

3. Chemical problems occurred with hot pressed or not ejected sample
surfaces after annealing at 1500C.

4. No new phases appeared in Ta encapsulatcd, hipped samples on
annealing.

5. Long term high temperature annealing had little effect on the Si

content in DyyO3 grain.
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FUTURE WORK

1. Quenching treatment of hipped composites to optimize B-Phase

content.

2. Prior hydrofluoric acid treatment of SiC powders to remove oxygen
impurity.

3. Identify small Si containing precipitates in dysprosia grains.

4. Evaluate B — C transformation and mechanical properties.
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Possible Alternative Transformation Tougheners io
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Several new potential alternative transformation tougheners
to zirconia have heen identified on the basis of crystal-
lographic considerations and experimental observations. Ex-
amples can be found in ceramics. minerals. and components
of glass and of cement. The displacive transformations exhibit
martensitic characteristics of dusting or self-disintegration,
and a critical particle size effect operates. Large positive vol-
ume changes (=12%) accompany the transformations on
cooling. in the lanthanide sesquioxides (Ln,0;), dicalcium
silicate (Ca,Si0O;). and nickel sulfide (NiS). High M, tem-
peratures {<2000°C) in the Ln,0; compounds also suggest
the possibility of high-temperature transformation toughen-
ing. Detrimental negative volume changes are seen in com-
posites with enstatite (MgO - Si0,) and the lanthanide borates
(LLnBO,). The relative effects of volume change, X-ray unit-
cell shape change. and the (martensitic) macroscopic shape
change on the mechanical properties of a composite ceramic
can thus be investigated.

1. Introduction

TH} controlled application of the tetragonal (1) — monoclinic
(e transformation in zirconia (ZrQ,) to toughen a ceramic
matrix has been extensively investigated. both scientifically and
technologically.” " Various types of transformation-toughened
materials have been developed.' ' In lurge-grained. partially sta-
bilized ZrO; (PSZ). tetragonal solid-solution particles are crvstal-
Jographically precipitated from a cubic matrix. A fine-grained
material, ¢ ¢, alumina. can be toughened by dispersions of ran-
domly oriented. intergranular. irregularly shaped ZrO; particles
(ZTA), The ALO-ZrO: system s perhaps the most important
ot many examples to date of a variety ol non-zirconia matris
materials toughened by ZrO): additions. In tetragonal zirconta poly-
envstatiine (ZTPy materials. very fine-gramed Y.O.-Zr0; solid-
solution particles act as their own matrix,”
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Zirconia has the following polymorphs (CN is coordination
number) under ambicnt pressures:

SO
n = 1

cubic etragomal HTO U monochime
N 7o N N N

The 1 — m transtormation is considered to be martensitic in
the bulk. It is accompanied by a volume increase of 3% at 950°C
to 4.9% at room temperature. The transformation is notorious for
causing unstabilized zirconia to shatter. The factors determining
the stability of +-ZrO, particles confined in ceramic matrices are
considered to be the matrix constraint, chemical composition.
and the transformational nucleation barrier which is a function of
ZrO: particle size.” The mechanical propertics of ZrQO- compos-
ites. such as toughness and thermal shock resistance. are signifi-
cantly improved. Fracture ot the matenal 1s retarded when the
stress field of a moving crack tip nucleates the 7 — m transtorma-
tion in ZrQ; particles in a zone around the crack. As the crack
propagates. the mansformation zone (or wake). at its cdges. ab-
sorbs its energy and constrains it (Fig. 1),

High-voltage elecaon microscopy photograph (dark field) of o
transtormed zane o thun spectnen of Me-PS7 near @ Vichers indenta-
ton crack. The stress field ot the propagating crack up induced the trans-
formation to twinned monochnie particles i the “wake™ of the vrack.
therehy constramimg o

Fig. I.
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Fig. 2. Schemane representation of the 1 — m transtormation: mecha-
nisms i sphencal ZrQ): particles contined in ALO:

Ihe transtormattonal erystallography of confined spherical
ZrQ: particles dispersed in ALO: has been experimentally stud-
ied.” The relanionship between elastic strain fields surrounding
the rand o particles has been elucidated. Ay illustrated schemati-
Gully in Figo 20 the 1-ZrO. particle existed in o state of tenstle
stress due to thermul expansion mismateh with the ALO: matrix.
This arose during tubrication when the composite was cooled
from the processing temiperature of 1500°C to room temperature.
The transtormed monochnie particle was twinned and exerted an
SIHSOrOpIc compressive stress on the matrix. It was much larger
than the tetragonal ticld and perpendicular to at. Various theo-
retical studies have been made ot the eryvstallography of the trans-
formation mechanism in the bulk. '~ " Their applicability to
contined particle mechanisms has been guestioned. however,
sinee enperimental observations suggest that matrix-constraining
forces mav also need to be considered in theoretical predictions.”

Muartensitie transtormation mechanisms have been recognized
and contirmed both expenimentally and theoretically in ~|nglg~
crastal studies ot norganic compounds by Kennedy and co-
workers  Cduring the past 25 years. Several such compounds
underwent lurge volume changes. For example. a volume change
of - 167 occurred i NaCl-type — CsCl-type transtormations in
the athalt halides * 7 The 7ine blende — NaCl-type and wurts-
ite = NaCl-type transtormations in manganous sulfide (MnS)
underwent 197 and 207 valume changes. respectively.™ " The
transtormations in the alkall and ammonium halides have been
guantitatively proven to be martensitic

Prehmmary snvestigations hase been made into the apphcation
of the wurtzite-tspe -+ sraphite-type trunstormation in boron ni-
tride tBNG which normally occurs under high pressures.” No
stross-induced transtormation at ambient pressures could be in-
duced. however, presumably because of the extremely high nu-
cleation barrier assocrated with such o large volume change
Allowing tor igh-pressure compressibihits effects. we estmated
the volumie change as 3177 (33 an the structurally analogous
londsdadante » graphite transformation m carbomy = The volume
Jhange tor BN reraphite-tspe » wartzite-type transtormation)
under shock compression was measured as - 19% F Although
hatoa tHEO s sostructural with Zirconia, no transformation
wouchenm e using HiO has been reported to date.

Table 1.

Vol. 71, No. 12

Lattice deformational (displacive) transformations in nonmetals
(including inorganic compounds, ceramics, minerais, and compo-
nents ot 2[4\\ and portland cement) have been reviewed by
Kriven.” " Although nonmetals have not been extensively stud-
ied from the point of view of mechanisms, many exhibit charac-
teristics and behavior analogous to zirconia (e.g.. rapid kinetics
and shattering). Such characteristics are also presumably com-
mon to martensitic transformations having large volume changes.
When the structures arc complex. or pure lattice strains are large,
a choice of mLtthl\m may operate for the same parent and
product structures.” Exdmplus have been observed where
a mechanism may be ditfusive. i.e.. reconstructive.™ or. under
different nucleating conditions (e.g.. rapld quenching, stress
induced), displacive or [attice deformational.* _Martensitic trans-
formations arc a subset of the latter category.”

Although there is no such choice of mechanism in zirconia. it
can now be viewed as a model system for transformation tough-
cning. However, since it has both a volume change and a shape
change associated with the 1 — m transformation. it is not clear
which is the more important component for toughening. Further-
more. the shape change can be subdivided into the unit-cell
tangulary shape change (e.g.. AB. the change in monoclinic
3 angle is 9% in ZrO: in going from ¢ to m symmetry) and the
macroscopic s‘hdpL change (m),) associated with the martensitic
mechanism.” " In the quest for new alternative tranistorniation
tougheners to zirconia. therefore. a systematic study is oecesssary
in order to vary the components of the transformation. The rela-
tive effects on the mechanical properties of such composite
ceramic systems can then be evaluated.

The aim of this review is to survey the literature for experi-
mental and crystallographic evidence for displacive. possibly
martensitic. phase transtormations. This review will focus on
those transtormations having positive volume changes on cooling
analogous to zirconia. Preliminary experimental observations and
theoretical considerations will be prcxcmcd Tublc I summarnzes
these compounds and the relevant physical properties which
can affect the mechanical properties of composite materials. The
volume change in going from phase | to 2 is calceulated as
(V. = V)V The variety of chemical compositions brings to
light & greater variety of chemically compatible matrices. The
various combinations of volume and shape changes and erystal-
logruphy open up an area in which little research has been done.
but which has great potential scientific relevance and technologi-
cal application.

I1.  Lanthanide Sesquioxides (Ln.O,)

(1) Lanthanide Sesquioxides

The rare-carth oxides have been comprehensively studied for
many yeurs,” and their transtormations were reviewed. . The ma-
tertals are among the most thermally stable known. melting from
2200 to 2500 C. The metal substructure is rigid up to the melt-
ing pomt, and temperatares of the order of 12000 to 1400 C are
required betore appreciable metal atom movement vecurs. In
contrast. there v ligh mobility i the oxygen sublattice. com-
mencmyg above 300 CL The sesguiovides are thermaodynami-

Summary of Possible Alternative Transformation Tougheners to Zr (),
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Fig. 3. Polymarphic torms and trunsformation temperatures of the Jan-
thanide sesguioxides.”

cally very ~stablel so that vapor-trunsport reactions are negligible.
Seme oxudes teopss Sme Gdl Ry have good nuclear irradiation
stubihity and are potentiadly usetul in nuclear reactors.,

Mostof the work on phase equibibriacand crystal structures was
done by Foex and co-workers™ ™ on samiples eryvstallized from
the melt moa solar turmace. The shightly lower temperature equi-
hhria A — B« C were alwo studied in sintered pellets* ™ and
i matertals prepared by chemical inorganic precipitation meth-
ods using hvdrovides.”

Fhe polvmorphic transtormations in Lanthanide sesquioxides
are ~ummarized i Figo 307 Phase A is hexagonal. space group
SGo PAim ] aed contamns | formula umit per umit cel! 2 — 1.
Fhe cations oo sesentold coordination with tour close and
three less-close evvgens. Phase B s monochinie, SG C2/m, 7 =
6. and has o seentold coordination of the cation.’ Phase C iy
cubic and s tluorite derived. SG Ja3. 7 - Moo and CN - 650
I'he high-temperature H and X phases are hexagonal and cubic.
respectisels s Thermal expansivin coefticients and some Kincines
for the A — B — C truastormation oxides prepared from difter
ent starting compounds have been determined. ™

121 Hexagonal — Monoclinic — Cubic Transformation

[ake Zr() Cthe v B« Coranstormations are anomalous in
that there s a volume merease on cooling - As shown in Frg, 4,
the B = C solume chanee has been estimated as 80 to 107,
whereas that of A = B much less™ The B phase was ighly
prossure sensitive and may be stabihized with respect to the
Ctotm on application of pressure ' Pedicts of BuO underwent
the €« B oranstormation durmg erinding on abrasive paper
ihe B« Coranstormation ain Dy O - was imduced by gninding of
splat guenched takes — Although there was some discussion of a
reconstiuctin e mechansm for B -+ C transtormation. ™ 7 Foex
and Traverse reported that the speed of B« O transtormation
crew very rapidly as one advanced alonye the seres from Sm O
to Ho O and the transtornution temperature mereased The
larce volume aincrease on cooltng cansed the ceranne to shatter

ment to accommaodate the drastic volume increase and. therefore.
avoild fragmentation. By forming solid solutions. ¢.g.. Gd, O~
Dy.0:. the B — C transformation may be made to occur over a
continuous temperature range.” Chemical stabilization of the
B form was achieved by the addition ot CaO or SrO as dopants
in combination with rapid quenching.’” ™ Substitution of
Ca" ions for trivalent rare-carth ions caused oxyvgen vacancies
and the destructive B — C transtormation was suppressed. The
amount of chemical stabilizer increased with increasing atomic num-
ber. The solid solutions were not stable. however, and reverted
to Ln.O. and CaO on prolonged anncaling at 1200°C." The
CaO-Dv,0O: phase diagram is known and gives a sohd-solution
limit of C1O in B-phase dysprosia of =12 mol® . Attempts to pro-
duce a partially stabilized dysprosia (PSD) analogue to PSZ have
been under way in our laboratory using 8 mol% CaO-Dv.0O.
compositions. and the work will be published separately.™

Current work in our laboratory by Jero and Kriven™ has shown
that the B — C transformations in the sesquioxides helow Gd.0O.
proceed with extremely slow. reconstructive Kinetics and. there-
fore. do not appear to be viable choices for transformation tough-
cning, However. the heavier members. in particular terbia and
dvsprosia. are viable. although the use of terbia is limited toinert
atmospheres at clevated temperatures because of its tendeney to
disproportionate to Th,O-. Dysprosia. with an M temperature
of 1950 CLoon cooling. appears to be the most worthy of investi-
gation at present. Having an even atomic number (661, 1t is more
ahundant than the odd-atomic-numbered members ot the series. ™
No critical particle size analyses have been undertaken as
vet. Howevero metastable retention of the high-temperature
monoclinic phase s considered o depend also on the volume
change and retative elastic moduli between the matnx and the
toughening phase. Unlihe ZrQ; systemis, rapid-cooling Kinetics
hive been recognized to play a crucial role i retention ot the
high-temperature B phuse ™

(31 Microstructure and Defects Associated with the
A = B — C Transformations

Boulesteix er af 7™ and Caro™ 7 extensively studied the m
crostructure and defects produced in the A = B — C transor
mations. They grew thin films ot the fanthamde sesquiovides m
st tromy rare-carth metal tords in the TEML The onvades were gen-
crally Lurge and thin ceystallite grams. with a diameter of several
micrometers and o thickness ot S0 ame Transtormations be-
tween poivmorphs was achieved by stins induced by selectine
heating by the clectron beam
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Fig. . Structural relationship between three stached. primitnve subeells
of hexagonal A phase and the monoclinic (7 = 61 X-ray cell of the
B-phase Lanthanide sesquionides.

Complex twinning was observed in the monoctinic B phase. as
comprehensively reviewed by Boulesteix” and Caro.™ ™ Four
different iwinnire svstems were observed. viz.. {313} and (132)
(with magnitudes of shear. s = 0.186). and their combinations.
The twins were mechanical in nature. produced by stresses asso-
crated with the heating and cooling of the clectron beam. Trans-
tormation twins were also formed in the A — B transformation.
The twin systems were either type 1 (reflection) or type 2 (rota-
tion twinst. Several preterred erystal orientations and unusual
formations were observed and found to correlate well with the
oxveen courdination scheme proposed by Caro.”"" For example.
the A- and B-tyvpe grains usually formed in an epitaxial type of
relationship such that the surface of the erystal (e.. the large
dimensiony was paralle! to the plane of the Oln, layers, t.c..
10001, or (201,

A “martensitic character”™ has also been suggested for the
B — A trunstformation.”” Electron microscops studies of the
A — B transtormation mechanism have indicated the orientation
relation”

00T, 12071, where <1206, [010],
Thew Tedd rothe postulation of o lattice correspondence between

the hexagonal and monochnic cells.”™ Figure 5 depicts this rela-
tionship i terms of three stacked. primitive hexagonal subeells

Vol. 71, No. 12
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Fig. 6. Structuraf relationship between the monoclinic (Z = 6) (hatched)
and cubic (Z =J6) X-ray unit cells of the lanthanide sesquioxides. ™

and the monoclinic (Z = 6) cell.” The monoclinic structure is
related to the hexagonal by a 3.2° shear of the basal hexagonal
lavers (0001), and (207)y. Because of the pscudohcxagonal
symmetry of the B phasc. there were 12 rotational variants of the
twinning systems which could occur. A 13th vanant could occur
by double twinning.

Studics of the C phase found it to be more prone to slip than
twinning. although onc twin system was identified.” The B — C
transformation was observed in the electron microscope with two
different oricntation relations being reported.”** The structural
relationship between B and C is complicated by having to com-
pare X-ray unit cells of differing numbers ot formula units.
However, Fig. 6 illustrates i possible luttice correspondence postu-
lated by Sudre and Kriven. ' in which the cubic Z = 16 cell is
related to the monoclinic Z = 6 cell.

In summary. the cxperimental observations implying the possi-
bility of transformation toughening by the higher atomic number
members of the lanthanmide sesquioxides is presented in Table 11
The high M, temperatures (to 2200°C) in the higher atomic num-
ber Ln.OQ. compounds indicate ihe possibility of high-temperature
transformation toughening.

II.  Dicalcium Silicate (Ca.SiOy)

Dicalcium silicate (belited is one of the four major compo-
nents of cement. the other constituents being tricaleium silicate
(3Ca0 - Si0H, tricalcium aluminate (3Ca0 - A1L,O». and tetracal-
cium aluminoferrite (4CaO - A1LO+ - Fe.04) type phases. ™ In
addition. minor amounts of calcium sulfate dihydrate (gypsum,
Ca.SO, - 2H.Ov are important in controlling the hydration of
these components. The crystatlography and polymorphism of

Table II.  Comparison of the B — C Transformation in the Lanthanide
Sesquioxides (£.n,0;) with the Tetragonal — Monoclinic Transformation in ZrQ,

St ) Iy O

Structure change

Tetragonal - monochnie

~MMonochinie - cubie

Coordiation number & -7 7.6

Volume change (749~ - 4.9, crystal shatters S8 to 0L erystal shatters
Umit-cell shape change. 33 tdegy 9 )

Transtormation temperature. M- C) 950 600 2200

Chermical stabilizers

Pressure stabthzation
Transtormable by gninding
Posttranstormational rearrapgement

CaO). MpO. Y.0,
1-/rQ)n ALO

Yeso i reverse direction
Begimnmg

a0, SrO

B phase stabilized by pressure
Yeso i reverse direchon

Yos. wath increasing temperature

Roan frwenperatyre
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Fig. 7. Polvmorphic transtormiations i Ca:Si0,.

pure dicalerim siicate cabbreviated C-S) have been extensively
studied -7 and reviewed T 7T and are summarized in Fig, 7.
Udagawa er 777 conducted single-crvstal Xe-ray experiments
and detenuned the Lattice correspondences as drawn. The widely
known eftect of “dusting™ or self-disintegration of portiand ce-
ment s due to the large, positive volume increase ot 129 which
accompanies the 3 -- v transtormadion in dicalcium silicate.
Figure  shows the C-S gramns in the SEM which transtformed
oy

The eftect of chemneal dopants in stabilizing the various poly-
morphs ot €S down to room temperature has been extensively
studied and reviewed " The exact role of the dopants.
however. v unclear. sinee in some cases (e.g.. KOy, concentra-
fons of the dopant were tound anan mtergranular, amorphous
phase rather than m solld solution with the C.S. Furthermore, re-
wont expermments show that the stabilizing etfect in K O-doped
C S depends onthe conling rate or the annealing treatment atter
sintering In ALO Sdoped C S systemis o the other hand. alumi-
num can be tound both in the glassy phase and m solid solution
with ¢S

The physicad tactors attecting the B« v transtformation have
been studied by Xy dittraction, optical microscops. SEML and
clectron probe microanalysis - A review ot the cement chemistny
Iterature’ © o shows that the rabio ol 3 1oy i repeated]y
around and sintered pellers of C 8 depended on the tollow .
e puarametens

t Parnidde sizes A arge v O 8 particle size tended o proe
ee v phase tor given annealing conditions of temperature,
trne . and o slow coolime rate Smuadl mitial v C 8 sizel howeser,
stabilized the 3 pieoc, These observations were v Bt insm
tered posders T and i dense petlets '

o femperatare. Inereased anacaling temperatures below
the o« odd transtormation temperature of 1425 € produced
muore Fhis was also the case tor anncaling abose
1425 € but there aceelerated grim growth had oceurred ™

iy Time Fonger annealing tmes produced more y-C .8,
but this ettt was secondary to the etfect of temperature. ™

vy Kineties The keneties ot cooling through the o - e,
transtorination was very amportant Slow cooling through 1425 ¢

Possible Alternative Transformation Tougherers to Zirconia: Crystallographic Aspects 1025

Fig. 8. SEM micrograph of C.S grains which underwent 8 — ¥ trans-

formation and “dusted” because of the accompanving large 12% molar
! ™ ving

volume increase.

led to the formation of y-C.8 whereas fast cooling tended to re-
tain B-C.S in the final microstructure. ™ ™

Thus. it was concluded that a particle size effect operated in
controlling the 8 — v transformation in C.S.*

In contrast with zirconia, which is twinned afrer transtformation
to monoclinic, the parent, monoclinic 8-C.S. is twinned before
transtormation to orthorhombic y-C.S. This leads to an ambigu-
ity in the definition of the critical particle size.™ Specifically. a
critical particle volume for transtormation could be defined by
the overall 8-C.,S particle size. the twin thickness. or 4 combina-
tion of both the twin thickness and twin length.

The third condition occurs when C.S pellets are very rapidly
guenched from wbove the oy — «f transtormation temperature at
1425°C. Work in progress by Chan ef af.™ " ' indicates that
this causes the 8 twins to undergo regular microcracking diago-
nally across the twins. 101y hypothesized™ " that the a — ay,
transformation initiates a large shrinkage in unit-cell volume,
which is intensificd by the gquenching of high-temperature. ther-
matlly expanded lattice parameters. It is estimated that —6.56¢ vol-
ume shrinkage needs to be aecommuodiated. This causes stresses
to be aecumulated within the C.S gramns which are rehieved by
periodic microcracking of twinned B-C-S particles or herringbone
twnned microstructures

However, quantitative values for the eritical particle size
tor transtormation were imconsistent. ranging from 5 -7 1o
7um"™ " down to 0.2 10 0.3 gm U The large values were
obtamed by optical microscopy and SEM and reterred to overall
C.S particle size. whereas the subnucrometer values obtamed
trom N-rays and SEM reterred to the wadth of individual trans
tormed y Taths within C.8 particles. as seen. for example.
Frgo 80 TENM nucrostructural studies of the o gand 3+ v
transtormations found that y-C-S was tormed by the growth ol
needies or faths whose Jong aves were parallel te Jool] ar
jtoy. e

Recentls. C S particios Bave Voon successtuliv mined waith o
calcum zirconate phise o form g composite veranue T wath
a nicrostructure sinibar to ZTA Figure Y s o TEM microgiaph
ot a pure B-C-S particle confined o calcum zirconate matnis
Ity twnned on ooy asresult of the a3 transto
mation which v thought to be martensitic [he metastable
3 C N particles of suitable <ze and contined e raatny can be
mduced 1o transtorm to v by ermding 77 Fially, the ov
dence tor pestulating CS as o pansformabon toughener s sum
marized i Table 1




Fig. 9.
on (1001, and metastubly contined in o calcium zir-
conate 1CZ) matrix. ™

TEM mucrograph of a 8-C.S grain twinned

IV.  Nickel Sulfide (NiS)
Nickel sulfide tnullerite) exists as the tollowing polymorphs at
I atm:”

B

I
x

L WRALEN

N

Wk (

During processing of soda—lime plate glass, spherical or ellipsordal
NiS inclusions were metastably retained in the high-temperature
a torm down to room temperature. It was recognized™ ' that
spontane s transformation ot particles of «-NiS to 8 caused de-
struction ot the glass when the particles were located = the
internal stress field. Plate glass can be thermally toughened by
quenching. which produces @ compressive stress state in the sur-
tace region. The a — B transformation 1~ accompanied by a vol-
ume incresse of - 3937 THNGS 1y an IR radiation transmutter at
Xto 14 um.

A cntical particle size etfect was theoretically predicted and
caleulated trom tracture mechanies considerations of anncaled
glass. 7 Critical sizes for nucleation of the transformation and
microcracks around the particles were estimated at 32 10 22 pm.
However. i tempered glass. the enitical size depended on the
particle location because of different stress Jesels in surtace ver-
sus bulk regions

It was concluded that the a -» 3 transtormation i NS could
he avaided by cither of two methods:

tir The particles could be chemically doped with NiSe or
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Protoenstatite
(orthorhombic)
865°C
fast quenching
AV = -55%
1042°C
slow cooling
clinoenstatite
(monoclinic)

shearing under
high pressures and
temperatures (2800°C)

v

Orthoenstatite
(orthorhombic)

Fig. 10. Polvmorphs of enstatite (MgSiO 0. Clinoenstatite is a
metastable phase obtained by quenching of protoenstatite.

ing processing so as to produce nonstoichiometric Ni-S,.. NiS..
or clemental Ni.
V. Magnesium Metasilicate (MgSiQ,)

Enstatite (MgO - Si0>) is the major component of steatite ce-
ramics which are used as clectrical insulators. They have low
power losses in the high-frequency range and good diclectric
propertics to elevated tempeiatures. The polymorphism of en-
statite has been extensively reviewed” ' and is summarized in
Fig. 10, At ambicnt pressures, enstatite exists as protoenstatite
{proto) above 1042°C and orthoenstatite (ortho) on slow cooling
to room temperature. Fast quenching of proto. however, produces
metastable clinoenstatite (¢lino) at 865°C. The monoclinic
B angle is 108.3°. The proto — clino transformation is accom-
panied by 4 —5.5% volume decrease, whereas the ortho — c¢hino
transformation votume change s negugieic. The monoclinic
B angle is 108,37 which gives a unit-cell shape change A8 = 1837
This is approximately double that of ZrO, (A = 97).

The transformation mechanisms between the three phases have
been investigated.™ ' The slow proto — ortho transtormation
mechanism is considered to be reconstructive.” Similarty. clino
reverts to ortho on anncaling at high temperatures and via the
proto phase.'” Prolonged anncaling only. between 6307 and
950 C. also produces ortho via a slow, apparently reconstruc-
tive mechanism.'™

In contrast. the proto — clino transformation on quenching s
very rapid and displacive. The mechanism has martensitic charac-
teristics, being ditfusionless, athermal. stress inductble, and hav-
ing an oricntation relation between parent and product phases.™ '™

Chnoenstatite has an equilibrium stability tield only above

NiAS S66.C - (4.5 C Kbunf where P s applicd hydrostatic pressure
tn - The mternal oxy gen partial pressare could be altered dur- of geological magnitudes. ™ Under hvdrostatic stresses, the ortho —
Table 111,  Comparison of the § — y Transformation in Co 810, with the Tetragonal — Monoc! 0 Transformation in ZrQ),
/10 Ca MO,
Structure change Tetragonal > monochnie Monachnic -» orthorhombice
Transtormation temperature, M.« C) 950 4907
Volume change ¢4) -4 I
Coordination number chanye X o7 Cath 7 o
L . , 4}
Caldly 8
Unit-cell shape change. A (deg) Y 4.0
Chemical stabilizers MeO, CaO), Y.O BO . ALO L BaO, KO, Cr.O0.L et
Transtormation induced by grinding Yo Yes




December 1988

1 3'0
13.
—
-t - —1/
bbbl e\
CE /1<C=< ;
' aa:': :
n?at':
or !
bap T O

Fig. 1. Lathice correspondence
adopted by orthoenstatite in trans-
torming to chinoenstatite under
S 0T Py Aban contining pres
sare and SO0 CLoand vader o con-
SNt stran rate apphied at 45 1o the
aand ¢ aves

chno transtormation s ~low and stluggishe requiring the use of
tuves and long reactton tmes At elevated temperatures (below
(000 Crand under high pressures. particulasly nonhy drostatic
stress directed dong the onystallographee (1003 [OD1]L direction,
the khinetios of the ortho » clino transformation can be aceeler-
ated. “Taypical conditions required are 3+ 107106 « 10" Pa
(St 6 Rbartat SO0 C. 5 < 10 Pa 30 hbaryat 920 C, “or high
stran rates directed whong (100) [001]. above 430 10 630 C. Under
these conditions, the artho -+ Clino transtormation appears to be
Jisplacive The fathice correspondence observed s dlustrated in
Froo 11 where the unit coll shape change of 18,37 s cetfectively
reduced 1o 13 3 hecause ot the latice comrespondence adopted. The
suggestions o a nrtensttic mechanism tor ortho — cfine, '
however. are retuted by TEM observations of partially transtormed
A TENE TR © The coenastence ot ortho and chino lamel-
Le. controllahle Kineties. and lack of any martensitic teatures
csuch as anontertace o habit plancey indicate a nommartensitic
mechamsm Henee. the potentiad application of the ortho — clino
transtormation as a toughemng mechanism is doubttul in the
ceabin of coniv et colaihic comiposites.

I'he proto = chno transtformation which s apparently mar-
tensitic, however, has o large negative volumie change on cool-
g One nught say that “transformation weakeming™ was first
recognmized in some CaCO--containing steatite ceramics which
degraded and tractured after a period of storage at room tem-
perature. The problem was attributed to CaQ) in calcined pow -
ders which caused enhanced grain growth during sintering as
comparcd with BaO) under the same conditions. Careful experi-
ments showed that a critical particle size effect operated.™ 71
Proto particles Jarger than 7 um transformed spontancously to
clinos whereas those smaller than 7 wm metastably remained in
the proto phase. The large negative volume change accompany-
ing the proto » chino transformation was responsible for the
deletenious ettects on the steatite body,

Chemical stabilization of the enstatite p(>l}'|11()rph\ can be
achieved by Fto 2 mol's additions of Ma0) ta proto' or by dop-
my ortho with alupmna. ' MeF. and LiF act as mincralizers in proto
tormation and they atfect the ppoto — Chino Gansforaton,”

Frinally. the transtformations o enstatiic are arch (ypes for ather
Rk it

stlicates. i particular. ferrealite and wollastonite. ™ Ferrosilite
tFeO) - S10 0 a8 psostructural with enstatite. whereas the mono-
chimc = mnchnie ransformations in wollastonite and parawollas-
tonite 1Ca0) - S10 0 are considered o be shear related. by analogy
with enstatite

VI. Lanthanide Borates (£.nBO,)

The polymorphism of the RBO -type fanthanide borates has
heen studied by Levin et of ' Bssentially . thas type has the
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Fig. 12, Swubihty relanens of the ABOc1ype horates s g Jum o of
temperature and 1onie radius of the large cation ™

CaCO-tvpe sructure of aragonite. calate. or vatente The eyui-
librium and metastable phase tields are shown m Fig. 127 In
the aragonite- and calcite-type phases, the CO: or BOT groups
are trigonal planar in arrangement. Howewer. i the vatente-like
borates, unlike the carbonates. the BO: groups have an unusual
T shape. with one B-O hond longer than the other two. ™ The
vaterite-tvpe phases are hexagonal and have mgher densities than
the caleite-type phases for a wiven Tanthamds compourd . As ween
in Fig. 12,7 tutetium borate (LuBO 1 has the smallest onie -
dius and is the only borate to undergo the vatenite-type —» caleite
tvpe transformation at 1210 C. [t~ accompanted by the anoma-
lous volume increase of « 8,177 on cooling and is reversible The
kinctics and nature of the transtormation mechanism. however.
are not known.

The vaterite type phases themselves exist i high and low
temperature moditications. where the high-temperature phase
is most analogous to the CaCO vaterite structure * The
transformation cxhibits hysteresis which can be increased to
S50°C by solid-solution formation with LaBO  On cooling. the
high — low transformation causes cracking or “dusting” to a
loose powder at room temperature. This s due o the large voi
ume decrease of =8.2% 0 A large hysteresis of - 300 C aecom
panies the high - low vaterite-type transtortiwdon i YbROY |
which has temperatures of - S30°C on cooling and - 1040 (7 en
heating . Although these characteristion suggest 1 o paiten
sitic mechanism may be operating 1o the high - tow vatenite
tvpe transformation. the volume decrease on cooling idicates
that 1t would not be usetul as o transtormiation toughene

In LaBO . solid soluttons with LaBO _which also have vtenite
tvpe structures, another transtormation occurs from hieh T aBO
to fow SmBO type polvmorphs ™ The hieh LaBO - moditication
15 unguenchable and the tanstormation also exlubits hvsteress ot
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The Particle-Size Effect of Dicalcium
Silicate in a Calcium Zirconate Matrix

W. M. Kaiven, C. J. Cran ano E. A, Barinek

University of lllinais at Urbana-Champaign
Department of Ceramic Engineerning
Urbana. iL 61801

Dicalcium silicate (Ca,SiO,), abbreviated C,S, undergoes a monoclinic (B)-to-
orthorhombic (v) transformation at =490°C. which is accompanied by a 12% volume
increase and a 4.6° unit cell shape change. These analogies to ZrO, make C,S a
potential transformation toughener. Previous work in pure or doped C,S systems
indicates that a particle-size effect controls the B-to-y transformation. in this study,
the critical size effect of C,S in a confining calcium zirconate (CZ) matrix was
investigated as a function of high-temperature annealing and time. Dense pellets of
CZ-30 vol% C,S were hot-pressed or sintered and yielded microstructures of
intergranular, irregularly shaped C,S particles. SEM and TEM grain size analyses
and B twin width analyses by TEM revealed a correlation between twin width and
grain size. Results suggested that the critical particle size may be determined by (1)
overall C,S grain size, (2) B twin thickness, or (3) both twin thickness and twin
length. A characteristic “herringbone” type or parallel banded twin structure
resulting from fast quenching through the a — o’y transformation is believed to
modify the 3 twin length and width. Further investigation of cooling kinetics and
processing conditions on the critical size effect is suggested.

Dicalcium silicate. 2 CaO - SiO- (abbreviated C.,S) has five polymorphs at
atmospheric pressure:

2150°C 1425°C 1177°C 675°C =490°C
Meit = a = oy = a = B — Y
hex ortho ortho mono ortho
1 850°C |

Like unstabilized ZrO-, C,S undergoes a deleterious volume increase during the
monochnic (B)-to-orthorhombic (vy) transformation. causing “*dusting’” or frag-
mentation of the solid body. This suggests that C.S may be a possible transfor-
mation toughener alternative to ZrO:.' Table I lists comparable properties of ZrO»
and C.S. On cooling. the B3-to-y transtormation in C,S has essentially double the
volume increase (= 12%) and halt the unit cell shape change (AR = 4.6 of ZrOa,.

As in ZrO.. a partcle-size effect is believed to control the B — v
transformation.**~** The impetus for this finding came from the fact that the 8
phase was more reactive to water than the v phase. Hence, in cement chemistry.
stabilization ot 3 phase was desirable. In general. experimental studies were of the

Advances in Ceramics, Vol. 24: Science and Technology of Zirconia I
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Table I. Comparison of the Ca,SiO, B-to-y Transformation with the
Tetragonal-to-Monoclinic Transformation of ZrO,

Compound Z2rO, CaySi0,

Structure change t—m m—o

Transformation temperature 950°C 490°C*

Volume change +4.9% +11.96%"

Coordination number change 8—7 (Cal)7 }

(Cail)8 | — (Ca)6?

Unit cell shape change (AB) 9° 4.6°

Chemical stabilizers MgO Cry,0,, Ko08
Ca0 B,03, A0,
YZO3 Nazo, BaO, etc.

Transformation induced by grinding Yes Yes

* H. Midgley (1974} (Ref. 2).

t Data for pure C,S (Refs. 2 and 3).

t K. H. Jost (Ret. 4).

§ Role of dopant unknown, possible glass formation occurred; K;O found concentrated
in intergranular glass phase by TEM-EDS (Ref. 5).

following type. Mixtures of pure calcium carbonate or calcia, and silica in the ratio
2:1 were made, with and without excess CaO or SiO, or additives. After
calcination, powders or dense pellets were sintered at 1450° to 1550°C for one to
three times, and cooled or quenched to room temperature. The resulting phase was
usually y-C,S. Specimens were examined or recompacted and annealed at various
temperatures, times, and quench rates. The B-to-y ratios and C.S particle size
were determined by X rays, optical microscopy, and scanning electron microscopy
(SEM) with electron probe microanalysis (EPMA).

Hence, a review of experimental observations and conclusions reported in the
cement literature®-°~'# indicates that the ratio of B-to-y content depends on the
following parameters:

1. Particle Size: For fixed annealing conditions of temperature, time. and
a slow cooling rate, a large initial v-C,S particle size favored the formation of vy
phase. However, a small initial y-C,S size stabilized the B phase. These
observations were made both in final powders>®® or dense peilets.?®7:10-12

2. Temperature: Below 1425°C (the a <> 'y transformation temperature),
increasing annealing temperatures produced more final y phase.”'* Above
1425°C, accelerated grain growth occurred.”:'%-!!

3. Time: Longer annealing times produced more y-C,S, but this effect was
secondary to temperature.’-10~14

4. Kinetics: The kinetics of cooling through the a < 'y transformation
were very important. Slow cooling through 1425°C led to the formation of v-C,S.
while fast cooling tended to retain B-C,S in the final microstructure.”-10-14

An inconsistency was noticed in the previous literature in the values and
definition of critical particle size. Particle sizes ranging from 5 um>®or 7 pm'%!3
down to 0.2 to 0.3 um'®'" have been reported. The large values obtained by
optical microscopy and SEM referred to overall C,S particle size, whereas the
submicrometer values obtained from X rays and SEM referred to the width of
transformed vy needles within a C,S particle. Microstructural studies of the 'y —
B and B — v transformation by TEM'®~!7 found that y-C-S was formed by growth
of needles or laths whose long axes were parallel to [001], or [010]g.""

The studies reterred to above deait mainiy with pure or doped C,S systems.
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Recently, C,S particles have also been dispersed in a calcium zirconate (CZ)
matrix in an atterapt to demonstrate transformation toughening by C»S.'® The aim
of our research was to investigate and define more precisely the critical size effect
of C.S particles confined in a calcium zirconate matrix. The microstructures of
specimens with various thermal histories are characterized by XRD., SEM, TEM.
and TEM/EDS techniques.

Experimental Procedure

Specimen Preparation

Composites of 30 vol% C.S in a calcium zirconate (CZ) matrix were prepared
from A.R. grade CaCO,.* ZrO-," and silicic acid {S10.:xH-0)* and either
hot-pressed or sintered. For hot-pressing, the raw materials were attritor-milled in
isopropyl alcohol. calcined at 1100°C, and hot-pressed at 1450°C under 34.5 MPa
(5000 psi) pressure for 10 minutes. The density of the resulting specimen was
measured as 95.4% of theoretical density by the immersion method. The
composites were polished and X-rayed and then annealed at 1400°C for 10. 17,
40. 80. and 160 hours. Some specimens were also heated at 1450°C (above the
a’y <> a transformation) for five hours, and then either slowly cooled to room
temperature in the furnace. or fast quenched into liquid nitrogen. The purpose was
to observe the effect of cooling kinetics through o < o'y on the 8 — v
transformation.

For sintered specimens, silicic acid was first calcined at 1000°C before
mixing with CaO and ZrO- in an attritor mill. The raw mix was dred. cold
isostatically pressed. and sintered at 1650°C for one hour. The resulting specimen
was 88.0% of theoretical density. The sintered pellets were then annealed at
1500°C for 5. 10. 20. and 40 hours. followed by slow cooling at 5°C/min to
1000°C. and then furnace cooled to room temperature.

X-Ray Diffractometry

A standard polishing procedure starting from 600 grit to a | wm diamond
paste finish was routinely applied prior to X-ray diffraction (XRD) examination,
in order to eliminate any possible surtace transtormation or relaxation effects.
Each specimen was examined by XRD? to determine its polymorphism before and
after annealing. The relative ratios of B/(B + +y) were also determined by
integrating the peak areas of (130) of y-C.S and (103) of B-C.S.

Microstructure Characterization
The general microstructure was studied by scanning electron microscopy
(SEM)." To reveal grain size. shape. and distribution. polished samples were
thermally etched at 1350°C for various times. Average grain sizes of both C,S
particles and the CZ matrix were analyzed according to the Jeffries-Saltykov
method. ' Typically. at least 300 particles were measured per sample.
Transmission electron microscopy (TEMY** was used to monitor twin widths

“Baker Chemical Co.. Phillipsburg, NJ.

“Z-33 from Fisher Scientific. Farr Lawn. NJ.

“100-mesh powder Irom Mallinckrodt. Pans, KY.

"Philips XRG-3 1K) diffractometer equipped with a computenzed PW 1710 controlling unit, Phlips
Electronic Instruments. Inc.. Mount Vernon, NY.

‘DS-130 SEM. Internauonal Scienttic [nstruments. Milpuas, CA.

“*Mode] 430, Philips Electron Instruments.
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Fig. 1. Scanning electron micrograph of a y-Ca,SiO,4 fragment
transformed from the 8 phase and shattered into needle or lath shapes
separated by paraliel cracks.

and grain-size vanation of B-C.S particles after different annealing temperatures
and hold times. The TEM specimens were prepared by standard ceramic
polishing, dimpling, and ion-milling techniques.
At the microscope. the average twin widths were obtained by tilting 8-C,S
p-ce - grains until twin planes were paralle! to the incident beam direction. The twin
' width was defined as the length of a C,S particle in the direction perpendicular to
the twin planes. divided by the number of twins in the particle. The average twin .
width was obtained by averaging the values from all the particles analyzed.
Typically. 30 to 50 particies were measured per sample.

Results

The dusting phenomenon of a pure C,S pellet sintered at 1450°C for |
90 minutes and air quenched, is illustrated in Fig. 1. Typically, the y phase '
appeared as parallel needles or lath shapes bundled within a fragment. The same
etfect was also observed in a CZ-30 vol% C,S sample which was hot-pressed at
1500°C under 34.5 MPa (5000 psi) for 30 minutes and found to be shattered
several hours after removal from the hot press. Similarly, another CZ-30 voi% FO
C-S mixture sintered at 1600°C for two hours underwent some $3-to-y transfor- ’
mation when the surface was ground and polished (Fig. 2). It is seen that extensive
. s cracking was induced in the adjacent area. ) )
e To investigate the effect of various parameters on the C,S particle size and ‘ .~
hence on control of the B-to-y transformation. the processing conditions were ‘<
modified as described earlier. i

-——.1
i
i

X-Ray Ditfraction

Figure 3 is a plot of integrated X-ray peak intensity ratios of v(130)/[vy(130)
<~ B(103)] as a function of annealing time. It is evident that prolonged annealing
at 1400° and 1500°C did not increase the amount of vy present, which is contrary
to what was observed in pure C,S systems.

Scanning Electron Microscopy
Figures 4(a) and 5(a) show the general microstructure of hot-pressed and
sintered samples. C,S particles are irregularly shaped. and intergranularly dis-
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Fig. 2. Scanning electron micrograph of a CZ matrix containing a y-C.S
particle transformed during grinding and polishing. Extensive
microcracking occurred in the surrounding areas.

10- ANNEALING TEMP.
j§ 0.8~ $ lsoo?c ~
” HP 1400°C i
ofx 06~ 4
21; —T s J
118 04 - HP
— 02 ~
= 0 0 “ N i 1 1 ]
570 20 30 30 160

ANNEALING TIME [ HRS]

Fig. 3. Integrated X-ray peak intensity ratios of v(130)/[y(130) +
(103)] as a function of annealing time at high temperatures for both
hot-pressed (HP) and sintered (S) samples.

persed in the CZ matrix. A certain degree of agglomeration was also observed in
both specimens. The sintered specimen generally had a coarser CZ grain size.
Prolonged annealing did not change the phase distributions in both types of
spectmens (Figs. 4(a), (b), and 5(a), (b)).

Grain-Size Analysis

The sintering process generally resulted in a coarser grain size than
hot-pressing. In particular, the average CZ grain size of sintered samples was
about an order of magnitude larger than that of hot-pressed samples. In both types
of samples the average CZ and C.S grain sizes showed an increase on annealing,
reaching an almost constant value in a short time. Longer annealing times only
slightly increased the grain sizes (Figs. 6(a), 7(a). The tinal CZ and C,S grain
sizes in hot-pressed samples were about twice their initial sizes, respectively,
while sintered samples grew by only ua tactor of [.2. It was interesting to note that
the average CZ grain size of hot-pressed samples was slightly smaller than the
average C.S grain size. In contrast. in sintered samples. average CZ grain sizes
were three times larger than the average C,S grain sizes.
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Fig. 4. Scanning electron micrographs of (a) typical microstructure of a
hot-pressed specimen before annealing; (b) microstructure of the same
type of specimen after annealing at 1400°C for 160 hours.

Fig. 5. Scanning electron micrographs of (a) typical microstructure of an
as-sintered specimen; (b) microstructure of the same type of specimen
after annealing at 1500°C for 40 h and siow cooling.

Transmission Electron Microscopy

Transmission electron microscopy studies confirmed that irreguiarly shaped
C.S particles were intergranularly dispersed in a polycrystalline CZ matnix (Fig.
8). 3-C,S particles were typically twinned on the ( 100) monoclinic plane.'>~'7 and
some agglomeration was also observed. Extensive microcracking was noticed at
@-matrix and (3-B grain boundaries (Fig. 8). A transtormed vy-C,S crystal
containing numerous dislocation tangles and surrounded by a microcrack was
found (Fig. 9).

Twin width analysis of hot-pressed specimens showed an average value of
.09 um tor unannealed samples, which became 0.18 um after 10 hours at
1400°C. Further annealing caused a slight decrease in twin width (Fig. 6(b)).
Similarly. for sintered specimens. the initial average twin width of 0.11 pm
increased very slightly to 0.12 pm after 40 hours at 1500°C (Fig. 7(b)). The
standard deviation of the twin width analysis for both types of specimens was
large. approximately 30 to 509 . Nevertheless. it is interesting to note that the twin
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AVG. GRAIN SIZE [um]

AVG. B TWIN WIDTH[xm)

10 20 36 50 160
ANNEAUNG TIME [HRS]

Fig. 6. (a) Plot of average grain sizes (determined from SEM
micrographs) of C,S and CZ for hot-pressed samples annealed at
1400°C, as a function of annealing time; (b) corresponding piot of twin
widths (determined from TEM micrographs) of 3-C,S as a function of
annealing time.
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Fig. 7. (a) Plot of average grain size (determined from SEM
micrographs) of C,S and CZ for sintered samples annealed at 1500°C,
as a function of annealing time. (b) Corresponding plot of twin widths
(determined from TEM micrographs) of B-C,S as a function of annealing
time.

width increases of 2 and 1.1 observed by TEM parallel the grain-size increases of
2 and 1.2 observed by SEM. in hot-pressed and sintered samples. respectively.

Effect of a — a’y Cooling Rate on Microstructure

The kinetics of couling through the & — a'y transtormation is veneved to
have a strong influence on the B-to-y transformation.’-'°-'* The SEM
microstructural differences between fast-quenched and slowly cooled samples is
ilustrated in Fig. 10. Irregular. wrinkled features were observed in C,S particles
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Fig. 8. Bright-field TEM micrograph of the hot-pressed CZ-30 voi% C,S
microstructure showing an irregularly shaped, intergranular 3-C.S
particle. Typically, it was twinned on the (100) monoclinic piane.
Interfacial microcracks were frequently observed (arrows).

B=[101]

Fig. 9. (a) Transmission electron micrograph of a confined y-C,S
particte containing numerous dislocations; (b) the corresponding
single-crystal SAD pattern in the [101] orthorhombic zone axis projection.

of fast-quenched specimens, which were absent in slowly cooled specimens.
Further investigation by TEM revealed a *herringbone’" microstructure of internal
twins (Fig. 11 (a)) or parallel bands (Fig. 11(b)) in rapidly quenched specimens.
These are similar to microstructures seen in chemically doped C,S samples.®*0-22

Discussion

As reviewed earlier, a particle-size effect operates in controiling the occur-
rence of the B-to-y transformation in C,S. This is analogous to ZrOa-toughened
systems. However, in ZrO, a single-crystal tetragonal particle transforms a
twinned monoclinic phase, whereas in C.S the starting (3 particle is already
twinned before wranstorming to y. This gives rise to an ambiguity in definition of
critical particle size. Specifically, a critical volume of particle for transformation
could be derived from either: (1) the overall particle size. (2) the twin thickness,
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Fig. 10. Scanning electron micrograph of polished specimens of (a) a
hot-pressed sample annealed at 1450°C for 5 h and slowly cooled at
5°C/min through the a < o'y transformation; (b) a hot-pressed sample
annealed at 1450°C for 5 h, but quenched into liquid nitrogen.

Fig. 11. (&) Transmission electron micrograph of a hot-pressed sample
annealed for 5 h at 1450°C and rapidly quenched into liquid N». (a) A
“herringbone” type of twinned structure was usually observed in B-C,S
grains; (b) alternatively, a parallel banded structure sometimes crossed
the B twins.

or (3) both twin thickness and twin length. In this light. it should be noted that the
B-C-S twins actually formed during the a’, to B transformation on cooling at
675°C. which is far below the annealing temperatures of 1400° to 1500°C.

Detailed evaluations of TEM micrographs were made in terms of twin
thickness (t) and particle size as defined by the lengths (L and L"), parallel and
perpendicular to the twin plane, respectively. In both hot-pressed and sintered
samples a general trend of increasing twin thickness with increasing particle size
was observed. This is consistent with the correlation between average values of
particle size determined by SEM and twin thickness. However, as seen in Figs.
6(a) and 7(a). the absolute values of twin width differ between hot-pressed and
sintered samples.

With respect to (3) above. twin lengths may also be relevant in determining
the critical particle size. Twin lengths were shortened by cross twins in the
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herringbone pattern (Fig. 11} or by the parallel bands (Fig. 12) both of which
resulted from fast cooling through the a — 'y transformation.

Conclusion

The particle-size effect of dicalcium silicate in a matrix has been investigated.
The definition of the crnitical particle size of the -to-y transformation may depend
on: (1) the overall C,S particle size, (2) the B twin thickness, or (3) both the B twin
thickness and twin length. Microstructural observations by SEM and TEM suggest
a correlation between (1) and (2). Furthermere, fast cooling kinetics through the
a <> o'y transformation modifv the B microstructure by forming a herringbone
pattern of twins or parallel bands. thereby reducing the twin length (parameter
(3.

The CZ matrix constraint retains 3-C,S under conditions where normally
v-C-S would be expected in single-phased C,S systems. This may be due to B-C-»S
particles being below the critical particle size for transformation. Prolonged
annealing at 1400° and 1500°C. followed by slow cooling, essentially (a) did not
increase the <y content and (b) did not change the C,S distribution. Microstructures
containing $-C,S particles of the critical particle size may be developed by
optimizing the processing conditions used.
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MICROSTRUCTURAL CHARACTERIZATION OF LASER-MELTED/ROLLER-
QUENCHED DICALCIUM SILICATE

C. J. Chan, K. R. Venkatachari, W. M. Kriven and J. F. Young

Department of Materials Science and Engineering, Ceramics Division,
University of illinois at Urbana-Champaign, Urbana, IL 61801

Dicalcium silicate (CapSiQ,4) is a major component of portland cement.
It has also been investigated as a potential transformation toughener
alternative to zirconia.'-3 It has five polymorphs: «, a'y, a'y, B and v.
Of interest is the B-to-y transformation on cooling at about 490°C. This
transformation, accompanied by a 12% volume increase and a 4.6° unit
cell shape change, is analogous to the tetragonal-to-monoclinic
transformation in zirconia4. Due to the processing methods used,
previous studies into the particle size effect were limited by a wide
range of particle size distribution. In an attempt to obtain a more
uniform size, a fast quench rate involving a laser-melting/roller-
guenching technique was investigated.

The laser-melting/roller-quenching experiment used precompacted bars
of stoichiometric y-Ca;Si0O,4 powder, which were synthesized from AR
grade CaCOj and SiOz-xH>0. The raw materials were mixed by
conventional ceramic processing techniques, ana sintered at 1450°C.
The dusted y-Ca»SiO4 powder was uniaxiaily pressed into 0.4 cm x

0.4 cm x 4 cm bars under 34 MPa and cold isostatically pressed under
172 MPa. The v-CaSiQ4 bars were meited by a 10 KW-CO, laser. A
faboratory-built twin roiler quencher with titanium rollers was piaced
about 15 ¢m under the bar. The quench rate was estimated o be of the
order of 107°C-sec-'.

The as-quenched flakes had a thickness of about 60~70 um. X-ray
diffraction revealed broad peaks corresponding to those of the p phase.
SEM observations showed only surface striations from the rollers

(Fig. 1). By TEM, no amorphous phase was found. The CaySiO4 tended to
form elongated grains with a B twinned structure (Fig. 2). A high
density of dislocations was observed inside each grain together with
modulated fringes (periodicity = 2 nm), as indicated in Fig. 3. Upon
anrealing at 658°C for 1C -ours and furnace cooling, X-ray diffraction
showed more well-defined B phase peaks. The dislocations and
modulated fringes were not apparent after annealing (Fig. 4). Grain size
analyses of the TEM microstructure of as-quenched specimens revealed
a narrow size distribution.

This work indicates that it was impossible to obtain CaySiO4 in an
amorphous form even with the {astest quenching rate. However, the
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narrow grain size distribution and preliminary annealing experiment at
650°C suggest that it may be possible to study the critical particle size
effect in CapSiO4 by a combination of laser-melting/roiler-quenching
and systematic annealing experiments.
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FIG. 1.--SEM micrograph of an as-quenched Ca»SiO, flake.

FIG. 2.--TEM BF image of an as-quenched specimen showing elongated
B-CasSi04 grains.

FIG. 3.--Higher magnification of the as-quenched Ca;SiO4 showing a high
dislocation density and the modulated fringes n each twin.

FIG. 4.--TEM BF image of laser-melted/roiler-quenched Ca;SiQ, after
annealing at 650°C for 10 hours.
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Dicalcium silicates having Ca0O SiQ. molar ratios of 1.8 to
2.2 were sintered at 1430°C for Y0 min with or without small
quantities of dopants (K,O or ALQO,) and were air quenched.
The microstructures of the fired samples were characterized
using electron microscopy (SEM and TEM) and associated
microanalytical techniques. There was no evidence for the ex-
istence of Ca, (SiO. 4 or Ca,,Si0, ;. Amorphous grain-
boundary phases were observed between grains and as
inclusions within the grains: the amounts decreased as
Ca0 Si0; ratios increased. The compositions of the amor-
phous phases werce always rich in dopants and had a
CaO SiO, ratio close to that of wollastonite. High levels of
\LOL were obsersed to enter the $-Ca,SiQ, grains under
lime-rich conditions 1Ca0 SiOQ, = 2.2) up to a saturation
level of about 3.0 wt%. Some additional crystalline phases
were observed to form depending on stoichiometry and dop-
ant lesel.

1.  Introduction

Du ALCPASIEICATE (Cu S0 can exast an five polymorphic

Vo B o g and e Only the y torm s stable wt
room temiperature, the others being stable at imcreasingly higher
temperatures . Fhe monachnie ¢y - orthorbombic 1y) polymor-
phic transtormation. which involves a signifreant increase
e 120 m speatic volume and o 4060 untt-cell shape change.
fractures the material to g tine powder  This transtormation has
Characteristios sinfar o those ot the tetragonal — monoclinge
transtormation n ziccons” and has been shown™ " to have the po-
tentig’ tor transtormation toughenmy 3-Ca S1O, 18 an impor-
tant component in porthand coment and reacts readily with
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water. whereas the y-Ca.S10; 1s cssentially unreactive. The
B polymorph is known to be stabilized by the presence of
various ions.™ " which also affect its reactivity with water to
some degree.

There are reports” ' that Ca.Si0, can take up excess lime in
solid solution. thereby stabilizing the 3 form and increasing its
reactivity. Up to 6 wt% CaO (corresponding to a CaO/SiO;: mo-
lar ratio of 2.2) can be taken up with'"" or without” other dopants
being present. On the other hand. excess silica (2.0 wt% of Si0,)
has been reported to stabilize the y form. " In the light of recently
reported complexities in the microstructures of doped dicalcium
silicate preparations.' ' we have reexamined these claims using
K.O and ALO. as dopants. Preliminary results™ " indicated that
these claims could not be substantisted. ft was found that the
presence of amorphous glassy phases and additional crystalline
phases accounted for the apparent departure from stoichiometry
and caused a variable distribution of the dopant in fired samples.
Complete details are reported here.

I1.  Experimental Procedure

The CaxS10, samples under study were prepared from reagent-
grade CaO. K.CO. AIKOH).. and hydrated silica (510 - ¢H, Oy,
using three ditterent CaQ/Si0, molar ratios (1.8, 2.0, and 2.2),
to which ditferent amounts of KO or ALO. were added. Dopant
contents were 0.2.0.5. 1.0, and 1.5 wt for K.O. and 0.5, 1.5,
23300 and 4.5 wi'e for ALO.. The CaO./S10: ratios were cal-
culated taking into account the dopant substitutions tassuming
2K replaced Ca™™ and ALY replaced Sit7).

The raw matertals were wet ground and homogenized with iso-
propyl alcohol in a ball mill, tollowed by drying at 100-C. dny
milling, calcimmg at 1000 C for 90 min, sintering al 1450°C
tor 90 muin. and air quenching. Each fired sample was routinely
examined by N-ray diffractometry” (NRID) to determine its
polymorphism.

The stabithzed Ca 10, samples were further examined using a
number of methods Electron probe microanalysis (EPMAY wis
emploved to estimate the extent of actual dopant uptake and the
storchiometry of the stabilized Ca:S10, gramns and to analy 7 any
second phases present. Determination of free hume by cthyvlene
glveol extraction was made to cheek the completeness ot the fir-
g process. Scanning electron microscopy (SEMY was used to
study the overall microstructure ot polished and 0.8 Nvtyl
ctehed” bulk specimens. Specimens for SEM and EPMA studies
were mounted ain epoxy and polished to 025 g using standard
metatlographic technigues.
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Table 1. Polymorphism of Samples as Determined by
\-ray Diffractometry
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Cas RoStoand Mare concentrations of each stonmie species Maor phase 1~ given
tnt pelvinorphs mparentheses are present only m trave amounts R s Ca $10)
G Ca Ao and C A s CaALOLD "Delaved transtormation observed ’
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Fig. 1. SEM micrographs of dicalcium sihcates doped with 2.3 wi‘e
ALOLC/S 18 Ca) S0
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Table II.  Formation of Crystalline Phases on Annealing*

u\nr:;::rl!::i Sample annealed
t O 1 8K1 | KA2 3
1400 W+ (R) (G)
{ 300) W + R W + (G,
1200 W + (R) G+ W
1100 W + (R) G+ W
1000 W + (R) G+ W

“Phases histed are in addition 1o Ca $10,, as detected by XRID: G s gehlenite
(CaALSIO 00 Wi wollastonite (a-Ca$100: und R is rankinite (Ca $1.0 0. Sample
i owhich CaO S0, - 1 8 and doped with 1.0 wie K.0O. Sample in which
Ca0) S10; = LXand doped with 2.3 wic ALO "Magor phase 1s given first. poly -
morphs i parentheses are present only 1 trace amounts ’

Transmission clectron microscopy (TEM)' was undertaken to
study the microstructure on a fine scale and to identify phases
crystallographically. Quantitative analyses using energy disper-
sive spectroscopy (TEM/EDS) were based on the thin-film ap-
proximation (TFA) using program THIN. version 2.3, as 4
comparison with the EPMA results. Experimental proportionality
constants (K ratios) for TEM EDS analyses were obtained from
natural or synthetic standards. a synthetic mullite (2A1,0+ - Si0)»)
single crystal** tfor Si and Al. and synthetic wollastonite
(Ca0 - Si0-) for Ca and Si. The thickness was kept below the
TFA limit by monitoring the beam current and overall count rate.
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Fig. 3. TEM micrographs of narrow-banded structures tarromwsy across C1HO1 twins in doped lime-rich specimens
1Ca0) 100 = 223 oAy bands filled with second phase i 15w t9-KO-doped specimen and (8 empty bands ceracks)

i 3 0-wtc-ALO -doped specimen.

Low signal-to-noise rattos tor minor elements were the major dif-
ficults and source of error during cach analvsis. The effect of
beam heating on specimen composition was also checkhed betore
cach set of analvses. Specimens tor TEM were prepuared by vae-
uum impregnation followed by standard mechamical thinning.
dimplimg. and won-mifling techniques. The ton-thinned speaimens
were then coated with carbon

HI. Results

t1y X-ray Diffraction

Tahle | presents Xeray diffraction data as o tunction ot dopant
content and <hows that. i the absence of dopant. the 3 torm
could not he stabilized under the cooling conditions used. 3
Ca S10; became the major phase when 1.0 wt's KO or 0.3 wi'e
AL O was added. but there was no clear indication that departuie
trom storchiometry mtluenced the polsmorphic composition ina
sustematic way foasanteresting to note that some ALO -doped
~amples showed delasved transtormation. When the CaO) S10: ra
tio was X the presence of Jow - lime ervstallime phases was de-
tected. contirmmy therr tormation as predicted from phase
dragrams Upon anncaling at varous temperatures below the tir-
ing temperature tor T hoancreasmg gquantities ot such phases were
observed. as shown m Tuble 11

12)  Electron Microscopy Observations

Ay General Microstruciure Stabtlized 3-Ca-$i10), prepara-
trons which contwned cither KO or ATO - as dopant showed -
crostructures tvpical of those shownom Figo 10 A gram-boundary
phase was promnent in all silica rich preparations
(CaO) S0 L% and was also present i hme nich samples
(CaQ) S0 2 200 although very much reduced i solie in
dividual Ca S10; griuns were. tor the most part. separated by this
phase except in hme-nich speaimens Selected arca clectron dit-
traction of intergranular arcas. such as Fig 20 showed that the
gram-boundary phase was amorphous

Ihe B-Ca-$10, grans all showed the characterstic twinned
lamellar structure which corresponded o Insley’s type 11 clissity
cation in optical microscopy of dicalcram sihicate . In the Tie
rich specimens. parallel "narrow -band™ lamellae crossing twins
were trequently observed (Figss 34y and (80 These were s
lar to Insley's type | classification 7 There was, however, o

marked difference in the narrow-banded structure between KO-
doped and ALO:-doped specimens. In the former. the bands con-
tained the amorphous boundary phase (Fig. 341, whercas this
was absent in the latter where the bands appeared to be parallel
cracks (Fig. 3(B)n.

(81 Formation of Additional Crytalline Phases:  Other
ciystalline phases were onserved w form when the CaO SiO: ra-
tio deviated from stoichiometry, Under silica-rich conditions
(Ca0- 10 — 1.8 rankinite (Ca:Si:0 was detected by XRD
(Table D and TEM (Fig. 4 in the K,O-doped svstem when the
doping level was LS wi‘e. In the ALO:-doped system. gehlenite
1Ca-ALSIO- ervstals were observed by both XRD and TEM
when the doping level was equal to or higher than 3 wito ALO,
thig. 3y, Both rankinite and gehlenite oryvstals were identified by
clectron ditfraction and microanalyses «Table Do and both ap-
peared o be erystallizing trom the amorphous grain-boundary
phase (kg 4 und 510 Although their formation was consistent
with phase dragrams. the chemicad composition of the amorphous
phase betore erystallization oceurred was guite close to that ot
wollastonite (CaS109. Upon anneahng at temperatures below the
sintering temperature, wollastonite erystallized. presumably also
trom the amorphous phase 6see Table Eh. For lime-rich samples
(Cay S10: - 2.2 wath high devels of ALOCE -3 0wty trical-
crum alunumate (Ca ALO and tricalaum sthicate (Ca-S100)
were detected and contitmed by XRDL clectron diffraction, and
microanalyses. Tricalcium alununate ervstals formed around the
$B3-Ca: 510, grins kg 600 This may have heen due to the Jow
cutectic tempeiature ¢ 1335 C trom the CaO- ALO: S10. phase
diagrani for the compasitton runge studicd . The tormation ot
Ca ALO and that ot Ca.S100 were bath consistent with the
phuse diagram. although the amounts are too smadl 1o be detected
unequivovally by XRD

(31 Quantitative Microanalysis

Fhe results of TEM EDS quantitative analvses of 3.Ca 810,
grams trom KO doped and ALO -doped specimens are shown in
Fres 7 and Korespectinely. and those ot the amorphous phases
and other additional ersstadlime phases e Table B in TEML indr
vidual prams. g boundaries, and other ervstadhine phases
could be analyzed wath higher accuracy hecause ot the smatler
probe size and reduced electron-beam spreading m thin sections
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relatnedy tedious, pave more accurate 1esults wath na contnibu
tion trom the boundary phases: However simce dopant fevels
were fow o the PSP was sttt o valid techmgue mees adduanne the
Cal) IO ratio of 4 Ca 10O vrans The Car NSO nos ob
tuned from EPNEA analvses were L‘\\\‘IHLI”_\ Very ose 1o those
obtimed frome TENMEDS guantitatine studies
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Table 11l. TEM/EDS Quantitative Microanalyses on Amorphous Grain Boundaries and Additional Crystalline Phases

Initial compaosition

R:;“::‘:: a0} + [K.O] - Features Average composition (W% )} [Ca0] + [K,0O) *

Dopant (Wt [S10.] + 2[ALO] analy zed” Ca0 Si0, K.O AlLQ, [S10,] + 2]ALO,)
K.O 1.0 1.8 gb 46.0 50.9 3.1 1.01
2.0 gb 39.2 54.4 6.4 0.85
22 NB or gb 63.5 334 3.1 2.10
1.5 I.8 C,S. crystals 58.6 40.8 0.6 1.56
gb 21.5 70.0 7.6 0.41
2.0 gb 31.1 50.4 17.0 0.89
2.2 NB or gb 59.1 345 4.9 2.01
ALO. 0.5 2.0 gb 50.6 36.7 12.8 1.05
1.5 1.8 gb 47.2 43.4 9.4 0.92
2.3 1.8 gb 47.3 45.3 7.5 0.94
2.0 gb 46.3 379 15.8 0.88
22 C.A crystals 64.1 6.3 29.7 3.33¢
C.S crystals 72.2 26.7 I.1 2.76’
3.0 1.8 C.AS crystals 43.8 329 233 1.01
gb 433 41 .4 15.3 0.79
2.0 eb 479 39 48.4 0.84
2.2 C.S crystals 73.0 25.7 1.3 2.87
CA () crystals 63.5 19.6 16.9 3.37i
4.5 1.8 CAS crystals 43.3 26.5 30.1 1.05
e 38.8 45.1 6.1 0.66
22 C:A crystals 6.4 4.7 329 3.08°
CA crystals 74.3 24.5 1.2 3.08

“Egquivalence of stonne ratio (Ca = 0 5Ky 1Si - Ab. where Ca. K. Si. and Al are concentrations of cach atomic species. "C.S; is Ca:81:0-: C,AS is Ca,ALSIO- CA iy
Ca S:0.NB s phases present in namow -banded structure: gb s grain boundary. “Values based on repeated analyses. typically 10 for cach specimen. Standard deviations for
Ca0 and Si0. tmager elementsy are approamateds =25 tfor Ca.S10, grains); for KO and ALLO. tminor elements), the deviations are vers much higher because of poor
signal-toonose ratios Error bars are shown i Figs. 7 and 8. *Value of [CaOQ]([ALO:] + 0.5[Si0.]) molar ratio is equal to (Cay/(0.5Si "+ Al atomic ratio. "Value ol

I(:.x(l'\ GALOLT - 110 molar ratio 1s equal o 1Cay 10 SAL - Sy atomie ratio,

IV. Discussion

() Effect of Excess Silica (CaQ.Si0, = 1.8} and Dopant
Additions

A« shown in Table I, changing from the stoichiometry
(Cal) S10: = 2.0y to sihica-rich (CaO/S10, = 1.8) did not sta-
bilize the high-temperature phase at room temperature. 8-
Ca.510, was stabilized only when appreciable amounts of
Jdopants. higher than or equal to 1 wt%e K.O or 0.5 wt‘ec ALLO..
were present in the system. Electron microscopy studies showed
that extensive amounts of amorphous phase were associated with
some additional crvstalline phases in the gram-boundary region,
TEM EDS quantitative analyses turther indicated that the major-
iy of the dopant was located in the amorphous grin-boundary
phase. The dopant levels i the 3-Ca:$10, grains were much
lower than those reported previously™* and were close 1o the lim-
its ot detection tor the EDS techmque. These diserepancies were
believed to onginate from the natural imttation of the cxperimen
tal techniques tEPMA) applicd by previous researchers. as shown
in Table IV, The tormation of amorphous and crystalline phases
was 1 accordance with the relevant phase diagrams The appar
ent deviations arise from metastabthty,

(2)  Effect of Excess Calcia (Ca€) SiQ), = 2.2; and Dopant
Additions

Earlier reports concerming the tormation of 3-Ca-$10, - could
not he substantiated. The formation ot Ca S100 and Ca ALO,
was observed as predicted trom the phase diagram. The results ot
TFEM EDS analyses showea that onls g simadl amount of K ) was
found i the 3-Ca S10; grams Henee. chemical stabilization was
less Bhely The trequently observed narrow bunds crossing the
twins are belicved o he charactenstic ot tast quenching through
the o = ayy transtormation” ~ and may he responsible tor the
stabihzation effect. Simular nmucrostructures ho.e also been ob-
served in other systems. 7 It has been shown that the high
temperature 3 phase can be retained by tast quenching through
the e == ary transtormation” " n pure Ca-S10; preparation. A
correlation between the narrow -banded structure and stabilization
by guenching through the - oy transtormation had also been
suggested.

As mentioned previousty. a difference between the narrow -

banded structure of K,O-doped and Al.O;-doped systems was
observed. A second phase was present in the narrow-banded
structure of K,O-doped specimens (Fig. 3(A)). but was absent in
specimens doped with AL.Q, (Fig. 3(B)). Similar bands. partially
filled with a sccond phase. have also been observed in BaO-
doped B-Ca.SiO,." It is hypothesized that the narrow bands are
cracks caused by volume changes accompanying the a — ay
transition. which can be subsequently filled by a liquid phase

2.2 with 4.5 wi
ALO L showing TEM nucrograph o’ o trecaleium atum
mate 1O A i G ALOL) at the boundary region wath msent
of the corresponding tricalcum alumimate selected area
dittraction pattern, [1O0] beam direction

Fig. 6. Specaimen with CaQ) - S0
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Fig. 7. TEM EDS quantitative microanalyses of 8-Ca-$10;
erains 1n K.O-doped specimens

prior to soliditication. This effect could influence the stabilization
of 8-Ca.Si0,. At the transtformation temperature. this volume
change is estimated to be —4.8% 7" to which should be added
thermal contraction as the system s cooled into the 8-phase field.

{3) Stabilization of B-Ca,SiO,
The present results show that studies using XRD alone can

1.8 doped

Fig. 9.  SEM micrograph of a speamen with Ca0)/S10.
with | 0wt K.O showing a large “agglomerate”™ of $-Ca-$10, griun €10
to SO pmi consisting of several smaller grains separated by thin grin
boundaries (0 1 to 0.5 wm)
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Fig. 8. TEMEDS quantitative microanalyses of 8-Ca-SiQ),
grains in AL.Q:-doped specimens.

lead to crroneous conclusions concerning the level of dopant sub-
stitution in 8-Ca,S10,: XRD does not detect the presence of
dopant-rich amorphous phases. The low-level dopant substitu-
tions found in individual B-Ca,S10, grains suggest that chemical
substitution might not be the major factor for stabilization of
the 3-Ca,S10,. Physical parameters, such as critical particle size
effect™" or additional matrix constraint from a continuous glassy
phase.™* might be more important mechanisms. Partial crystal-
lization of the amorphous phase by annealing has been found to
promote formation of y-Ca,8i0,."" However, in calcia-rich sys-
tems. appreciable aluminum substitution was observed: theretore.
chemical stabilization cannot be completely ruled out. A more
detailed study needs to be conducted in order to clucidate the op-
crating stabilization mechanisms.

V. Conclusion

Stabilization of B-Ca,S10, by cxcess lime in the absence of
dopants could not be attained under the processing conditions
used. The existence of Ca, Si0. ¢ and Cua, ,Si0; » could not be
confirmed. Changes in bulk stoichiometry were accommodated
by the formation of an amorphous grain-boundary phase and
other crystalline phases.

The B-Ca, 810, grains had the well-known twinned lamellar
structure and their stoichiometry was essentially CaO/$10, -
2.0 2 0.1 Little dopant was observed in the 8-Ca 510,
grais except for the ALO.-doped specimens under lime-rich
conditions, where levels of ALOup to 3.0 wi% were detected.
The microstructures developed were gquite complex. Under
sthea-rich conditions (Ca0O/8i0. = 1.8), Jarge agglomerates
of Ca,SiO; grains were surrounded by extensive amorphous
boundary phases which also separated the grains. Amorphous in-
clusions were observed within some grains. Under lime-rich con-
ditions (Ca(}/8$10, - 2.2). less amorphous phases were present.
A narrow-banded structure was frequently observed within 8-
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Table 1IV. Comparison between EPMA and TEM/EDS Quantitative Microanalysis*

Inttial composition

Dop: o .
con‘;::: Muale ratio Technique Features Average composition (Wi )
Dopant Wity Ca0 510, applied analyzed’ Ca0 Si0, K.O Al O,
K.O 1.0 1.8 EPMA Grain 63.3 353 0.7
TEM/EDS Grain 63.8 35.8 0.4
K.O 1.5 22 EPMA Grain 64.4 35.0 1.2
TEM/EDS Grain 65.2 33.7 0.6
K.O 1.5 1.8 EPMA gb 46.2 49 4 34
TEM/EDS gb 21.5 70.0 7.6
Rankinite 58.6 40.8 0.6
ALO. 4.5 1.8 EPMA gb 42.2 40.0 15.4
TEM/EDS gb 38.8 45.1 16.1
Gehlenite 43.3 26.5 30.1

“Selected data g s amorphous grain boundary: rankinite is crystals of Ca,Si0-: and gehlenite is crystals of Ca,AlLO-. Values based on repeated analyses. typically 10 tor
cach specimen  Standard desiatons for CaO and $10, (major elements) are approximately 2% (for Ca.SiO, grains). for K.O and Al,O. (minor elements), the deviations are
vers much higher because of poor signal-to-noise ratios. Error bars are shown in Figs. 7 and 8.

Ca,S10; grains. but there was a marked difference between K.O-
doped and AlO:-doped specimens. In the former. the bands
contained a sccond phase. whereas this was absent in the latter
where the bands appeared to be parallel cracks.

Other cryvstalline phases were observed to crystallize under «il-
wa-rich conditions from the amorphous phase when the dopant
fevels were 1.5 wt% K.O or =3.0 wt% AlL.O.. They were identi-
fied as rankinite (Ca.Si,0-) in K.O-doped systems and gehlenite
(Ca:ALSIO) in AlLO:-doped systems. In lime-rich systems,
Ca:ALO,. and CaSiO« also formed to compensate for the stoi-
chiometric change in Al,O:-doped systems. Recrystallization was
consistent with the relevant phase diagrams.

The study suggests that the role of solid-state substitution in
stabilizing Ca:Si0; needs to be reexamined and that physical fac-
tors may be plaving a more influential role.
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the Matertals Research Laborutary and the Center for Electron Microscopy,. both at
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